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N-Acylethanolamines (NAEs) are fatty acid derivatives in plants that negatively influence 

seedling growth. N-Lauroylethanolamine (NAE 12:0), one type of NAE, inhibits root length, 

increases radial swelling of  root tips and reduces root hair numbers in a dose  dependent manner 

in Arabidopis thaliana L. (ecotype Columbia). A forward genetics approach was employed by 

screening a population of T-DNA “activation-tagged” developed by the Salk Institute lines for 

NAE resistance to identify potential genes involved in NAE signaling events in Arabidopsis 

thaliana L. (ecotype Columbia). Seeds of the activation tagged lines were grown at 0, 25, 30, 50, 

75 and 100 µM N-lauroylethanolamime (NAE 12:0). Ten plants which displayed NAE tolerance 

(NRA) seedling phenotypes, compared with wildtype (Columbia, Col-0) seedlings were 

identified.  I focused on one mutant line, identified as NRA 25, where the tolerance to NAE 12:0 

appears to be mediated by a single dominant, nuclear gene. Thermal asymmetric interlaced 

(TAIL) PCR identified the location of the T-DNA insert as 3.86 kbp upstream of the locus 

At1g68510. Quantitative PCR indicated that the transcript level corresponding to At1g68510 is 

upregulated approximately 20 fold in the mutant relative to wildtype. To determine whether the 

NAE tolerance in NRA 25 is associated with overexpression of At1g68510 I created 

overexpressing lines of At1g68510 with and without GFP fusions behind the 2X35S CaMV 

promoter. As predicted, results with overexpressing lines of At1g68510 also exhibited enhanced 

resistance to NAE when compared with the wildtype. Confocal images of the fusion proteins 

suggest that GFP-At1g68510 is concentrated in the nucleus and this was confirmed by 

counterstaining with 4', 6-Diamidino-2-phenylindol (DAPI). Futhermore, At1g68510 



overexpressing lines and NRA 25 line also exhibited tolerance to abscisic acid (ABA) during 

seedling germination. The findings suggests that At1g68510 overexpression mediates seedling 

tolerance to both ABA and NAE, a mechanism independent of fatty acid amide hydrolase in 

which its overexpression leads to NAE resistance but hypersensitivity to ABA. The next steps 

are to identify the association of At1g68510 with specific genomic regions or interacting proteins 

that may be additional components of NAE signaling in plants. 
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INTRODUCTION AND BACKGROUND 

N-Acylethanolamines (NAEs) 

N-Acylethanolamines (NAEs) are naturally occurring ethanolamine derivatives of fatty 

acid in plants and animals (Ueda et al., 2013; Blancaflor et al., 2014). A decade ago, 

accumulation of NAEs was also revealed in single-celled microbes (yeast; Merkel 2005). The 

chemical structure of NAEs consists of acyl chains that vary in length and level of saturation but 

all have amide linkages between the amino group of ethanolamine and the carboxyl group of the 

fatty acid thus carrying no net charge at physiological pH (Chapman and Blancaflor, 2010). The 

numerical designation for NAEs is based on the number of double bonds and carbons in the acyl 

chain. For example, anandamide which was discovered by Devane et al., 1992 as an endogenous 

ligand for cannabinoid receptors, is designated as NAE 20:4 because the acyl moiety has 20 

carbons and four double bonds (Venables et al., 2005; Blancaflor and Chapman, 2006). 

NAE Metabolism in Animals and Plants 

The biosynthetic and the hydrolytic pathways of NAEs are highly conserved in plants and 

animals (Kim et al., 2010). However, there are some differences in the biochemical properties of 

the enzymes which metabolize NAEs (Kilaru et al., 2007; Kim et al., 2010). Molecular 

identification and biochemical characterization of a functional homologue of a rat FAAH in 

Arabidopsis (Shrestha et al., 2003) and other plant species (Shrestha et al., 2006) have shed light 

in understanding the evolutionary conservation of the occurrence and metabolic machinery of 

NAE lipid mediators (Blancaflor and Chapman 2006). In animals, NAEs are formed from N-

acylphosphatidylethanolamine (NAPE) by NAPE-specific phospholipase D (NAPE-PLD), 
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whereas in plants, data indicate that NAEs can be formed by PLD-β and γ isoforms in vitro 

(Austin- Brown et al., 2002), but the enzymes responsible for the formation of NAPE in planta is 

unknown (Blancaflor et al., 2014). In both animals and plants, the NAEs are hydrolyzed into 

corresponding free fatty acid (FFA) and ethanolamine (EA) by FAAH (McKinney and Cravatt, 

2005; Bancaflor et al., 2014). The synthesis of NAPE in plants is reported to occur by direct 

acylation of free fatty acids to the amino group of phosphaphatidylethanolamine (PE; McAndrew 

and Chapman, 1998). In animals, NAPE is produced by the direct transfer of acyl groups to PE 

by an N- transacylase activity utilizing O-acyl groups from phosphatidylcholine (PC) or PE 

(summarized in Kim et al., 2010). 

 

Biological Activities of NAEs in Animals 

In mammalian systems, NAEs influence various neurological and immunological 

functions (Fowler 2003) and N-arachidonylethanolamine (NAE 20:4), or anandamide, is the 

most widely studied NAE lipid mediator. Anandamide is an endogenous ligand of the 

cannabinoid (CB) receptors (Devane et al., 1992). In vertebrates, at least two CB receptors (CB1 

and CB2) have been identified, and both receptors are coupled to heterotrimeric G proteins 

(Bosier et al., 2010). The functions of these receptors are predominantly associated with the 

central nervous system and peripheral nervous system respectively (Katherine et al., 2009). In 

addition to roles in the central nervous and peripheral nervous system several other functions of 

anandamide have been reported. For example, using CB1 knockout mice, Buckley et al. (2000) 

reported the role of anandamide in mediating immunoregulatory functions via the CB2 receptor. 

One of the interesting functions of anandamide in mammals is to activate the endocannabinoid 

system to modulate appetite (Mechoulam et al., 2006). Exogenous treatments of anandamide 
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have been found to impair memory in rats (Mallet and Beninger, 1996). Anandamide is also 

responsible for eliciting vasodilation in certain vascular tissues independent of CB1 and CB2 

receptors (Kunos et al., 2000). The activation of vanilloid ion channels (Di Marzo et al., 2002) 

and peroxisome proliferator receptor (PPAR)-alpha transcription factors (Lo Verme at al., 2005) 

are examples of well-characterized non-cannabinoid actions for anandamide.  

Other NAEs also play important roles in animals. N-Oleoylethanolamine (NAE 18:1) and 

N-Palmitoyethanolamine (NAE 16:0) possess biological activity in animals and their activities 

may be exerted via both CB-dependent and CB-independent pathways (Di Marzo et al., 2007; 

Wang and Ueda, 2009). By binding with GPR119 (G-protein-coupled receptor) and PPARα 

(peroxisome proliferator-activated receptor, NAE 18:1 inhibits food intake and acts opposite to 

anandaminde (Lambert and Muccioli 2007). NAE 16:0 is an anti-inflammatory agent and well-

known for its analgesic properties (Schmid and Berdyshev 2002; Lamber et al., 2007). The 

occurrence of NAEs has been reported in freshwater fish (Esox Lucius and Cyprinus carpio), 

nematodes (Caenorhabditis elegans), protists (Tetrahymena thermophila) and in bivalve mollusk 

(Mytilus galloprovincialus; Natarajan et al., 1985; Sepe et al., 1998; Anagnostopoulos et al., 

2010; Lucani et al.(2011) thereby leading to identification of novel functions emerging from 

these diverse signaling lipids. Lucani et al., 2011 identified diverse set of NAEs in nematodes 

and revealed that nematodes subjected to restricted diet contained lower levels of NAEs than 

those cultured on control diet. Furthermore, worms subjected to a restricted-calorie diet could 

expand their life span by 50% however, adding eicosapentaenoyl ethanolamine (NAE 20:5), one 

type of NAE found in nematodes, abrogated the extended life span of worms.  

There are numerous studies conducted to associate obesity with NAE hydrolysis and the 

FAAH gene, which encodes a principal NAE hydrolyzing enzyme in most organisms (McKinney 
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and Cravatt, 2005). The levels of FAAH-1 mRNA in adipose tissue were significantly decreased 

in obese women patients when compared with lean controls. By comparison, the levels of 2-

arachidonoylglycerol and plasma anandamide, both substrates of FAAH, were elevated in obese 

patients (Bluher et al., 2006). In fact, a study involving 2667 patients established a strong 

correlation between overweight disorders and a FAAH cDNA 385 A/A (P129T) polymorphism. 

The median body mass index of FAAH 385/385 homozygous group was significantly higher 

than that of wildtype and heterozygous groups (Sipe et al. 2005). Consequently, FAAH-mediated 

modulation of NAEs have potential as a useful target to develop novel drugs, and to further 

understand other biological implications of the “endocannabinoid” signaling pathway in animals 

(Cravatt and Lichtman 2003).  

 

Biological Activities of NAEs in Plants 

Although NAEs are known to play important roles in the regulation of animal physiology 

and behavior, not as much information is known about the actions of these lipids in plant 

signaling and physiology. The first report of NAEs in plants dates back to the 1950s when they 

were discovered as minor components of soy lecithin and peanut meal (Kuehl et al., 1957). The 

concentrations of NAEs in seeds or seed-derived materials are typically several times higher than 

in the vegetative tissues (Chapman et al., 1999; Venables et al., 2005). In plants, NAE levels are 

highest in desiccated seeds and are rapidly depleted during seed imbibition (Chapman et al., 

1999) and post-germinative growth (reviewed in Kim et al., 2010). NAE species found in seeds 

are mostly comprised of 12-18 C acyl groups with 0 to 3 double bonds, of which NAE 12:0, 

NAE 16:0, NAE 18:1 and 18:2 and NAE18:3 are generally most abundant. More than 75% of the 

of the NAE species found in Arabidopsis thaliana (ecotype Columbia) seeds are polyunsaturated 
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NAEs (NAE 18:2 and 18:3) and their levels decline significantly during seedling establishment, 

mediated in part by FAAH (Shrestha et al., 2003; Wang et al., 2006, Kim et al, 2010). More 

recently, however, oxidation of polyunsaturated NAEs was shown to be an important pathway in 

the depletion of NAEs associated with seedling establishment (Keereetaweep et al., 2013; 

Blancaflor et al., 2014). Interestingly, the majority of the NAEs identified in plant systems are 

the same as those found in animal tissues, except for NAE 20:4 which is not found in higher 

plants, and for NAE 12:0 which is not usually found in animals (Kilaru et al., 2007). This general 

conservation in NAE occurrence suggests important, fundamental evolutionary significance for 

these lipid mediators.  

In plants, NAEs negatively regulate seedling growth. N-Lauroylethanolamine (NAE 

12:0) inhibits root length, increases radial swelling of root tips and reduces root hair numbers in 

a dose-dependent manner in Arabidopsis  (see  Blancaflor et al., 2003 and Motes et al., 2005). In 

Arabidopsis, the catabolism of NAEs into free fatty acids and ethanolamine by FAAH was 

shown to be important for normal seedling development since NAEs appeared to interact with 

abscisic acid (ABA) to negatively regulate seedling growth (Teaster et al., 2007, Cotter et al., 

2011, Chapman and Blancaflor, 2010).  

NAEs also are associated with plant defense signaling. Using Nicotiana tabacum cell 

suspensions, Tripathy et al., (1999) demonstrated the activation of phenylalanine ammonia lyase 

(PAL2) gene expression within several hours after the application of NAE 14:0. Furthermore, the 

transcript levels of PAL were almost doubled in the presence of the fungal elicitor xylanase, 

following the accumulation of NAE 14:0 within minutes after treatment, suggesting that the 

increase in NAE 14:0 might be part of a signal transduction pathway responsible for the 

modulation of cellular defenses. These findings were corroborated in leaves of intact tobacco 
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plants suggesting that NAE metabolism is involved in response to fungal elicitors. By contrast, 

transgenic Arabidopsis lines over-expressing FAAH were highly susceptible to bacterial 

pathogens, likely through modulation of salicylic acid- mediated defense signaling, still pointing 

to a potential role for NAE metabolism in plant-pathogen interactions (Kang et al., 2008).   

Like in vertebrates, the bioactivity of NAEs in plants can be terminated by the action of 

FAAH. The use of bioinformatics, molecular biology and biochemistry led to the identification 

of Arabidopsis (At5g64440), a functional homolog of rat FAAH in (Shrestha et. al., 2003). 

Transgenic Arabidopsis lines over-expressing AtFAAH were generated to manipulate the NAE 

levels in plants. The seeds and the seedlings of the transgenic lines as expected contained 

significantly lower levels of endogenous NAEs than wildtype and AtFAAH knockouts. 

Furthermore, the transgenic lines over-expressing AtFAAH exhibited enhanced seedling growth 

and larger seedling cell and organ size. Conversely, seeds of AtFAAH 1 knock-outs obtained 

from the Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH) 

revealed the elevated somewhat levels of endogenous NAEs, and seedlings exhibited the hyper-

sensitivity to exogenous NAE. These findings suggested a role for NAE metabolism in 

modulating the growth and development in plants, but the details of how NAEs act to regulate 

physiological processes in plants remain unclear.  

 

Lipoxygenase Pathway: An Alternative Route for Polyunsaturated NAE Metabolism 

In both animals and plants polyunsaturated fatty acid species are subject to oxidation by  

members of lipoxygenase (LOX) enzyme families (Van der Stelt et al., 2000; Kozak and 

Marnett, 2002; Feussner and Wasternack, 2002). In plants, LOX enzymes can oxygenate (C-9 by 

LOX 9  or C-13 by LOX 13) the hydrocarbon backbone of linoleic (18:2) or linolenic (18:3) 
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acids to generate  9(S)-hydorperoxy-  and the  13(S)- hydorperoxy-derivatives of the 

corresponding fatty acids respectively (Berger et al., 2001; Feussner 2002). The hydroperoxide 

derivatives, being unstable molecules, are further metabolized by allene oxide cyclase, allene 

oxide synthase, epoxy alcohol synthase, peroxygenase, reducatases and divinyl ether synthase 

forming suites of oxylipin species (Mosblech et al., 2009). The oxylipins derived from PUFFAs 

have been reported to play important roles in plant development and signaling (Browse, 2009; 

Seltmann et al., 2010; Dave et al., 2011; Nalam et al., 2012; Wasternack and Hause, 2013).  

Interestingly NAEs 18:2 and 18:3 were also oxidized to produce NAE oxylipins (Van der 

Stelt et al., 2000). The LOX pathway thereby competes with FAAH for polyunsaturated (PU) 

NAEs, although FAAH can act on both saturated and polyunsaturated NAEs to produce free 

fatty acid (FFA) (Shrestha et al., 2002; Kilaru et al. (2011). Using recombinant Escherichia coli 

overexpressing Arabidopsis LOX enzymes, Kilaru et al. (2011) demonstrated that 9- and 13-

LOX could act on NAE 18:2 and NAE 18:3 and metabolize them into hydroxide metabolites. 

Furthermore, in FAAH KO lines, they were able to detect higher endogenous level of NAE-

oxylipin metabolites, supporting metabolic competition between NAE hydrolysis and oxidation.  

With better understanding of the NAE metabolism, availability of Arabidopsis lines 

where levels of NAEs have been altered by manipulation of FAAH and improvements in 

instrumentation to quantify oxylipins, new insights on the functions of NAE oxylipins are being 

revealed. Keereetaweep et al. (2013) demonstrated a bleaching phenotype of cotyledons in 

Arabidopsis seedlings when treated with NAE 18:3. The bleaching was associated with LOX- 

mediated formation of NAE 18:3 oxylipins such as 9- and 13-hydro(pero)xides,  as opposed to 

the oxidation of corresponding free fatty acids. Moreover, NAE 12:0, which is a competitive 

inhibitor of LOX activity (Keereetaweep et al. 2010), reversed the effects of bleaching induced 
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by NAE 18:3 in a dose dependent manner. Recently, Keereetaweep et al. (2015), showed 

inhibition of primary root length in germinated seedlings by exogenous treatment of NAE 18:2 

(Wang et al., 2006). This was attributed to the LOX-derived metabolite, 9-hydro(pero)xy- 

linoleoylethanolamide (9-NAE-H(P)OD).  

The findings of Keereetaweep et al. (2013) on effects of NAE 18:3 differed from the 

general phenomenon of thylakoid disruption because NAE 18:3 induced bleaching occurred in a 

narrow developmental window (around 4 days after sowing); the bleaching effect was restricted 

to cotyledons only, and did not occur on true leaves. The seedlings are also able to resynthesize 

chloroplasts in their cotyledons and recover from bleaching when transferred to media devoid of 

NAE 18:3 suggesting that NAE 18:3 was not toxic to cotyledons and the process of greening that 

was interfered by NAE 18:3, was reversible. It was also observed that seedlings treated with 

ABA induced the partial bleaching of cotyledons which was accompanied by growth reduction 

and a concomitant increase in the levels of NAE 18:3-derived oxylipins metabolites. To 

summarize, the results for both NAE 18:2 and NAE 18:3 oxidation by LOX, and the association 

of NAE oxylipins with ABA signaling prompts speculation that oxidative metabolites of PU 

NAEs may act as a lipid mediators and influence aspects of seedling development and growth 

(Blancaflor et al., 2014).  

  

ABA Interacts with NAE Metabolism 

Examination of NAE content in different tissues from a variety of plant species indicated 

that NAE content was highest in desiccated seeds and declined rapidly upon imbibition and 

germination (Chapman et al., 1999; Wang et al., 2006). In Arabidopsis, the catabolism of NAEs 

into free fatty acids and ethanolamine by FAAH was shown to be important for normal seedling 
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development (Wang et al., 2006; Chapman and Blancaflor, 2010). The potent role of NAEs 

during seedling growth or cotyledon bleaching and the mechanism by which FAAH modulates 

NAEs during imbibition highlights the importance of these signaling lipids during seedling 

growth and development. When seedlings are transitioning to photoautotrophic growth, they are 

particularly susceptible to adverse environmental conditions. One of the adaptive mechanisms of 

the seedlings to survive unfavorable environmental conditions is a secondary dormancy that is 

activated by ABA (Cutler et al., 2010).  

A potential link between ABA and NAE was hypothesized from microarray experiments 

in which large-subsets of genes upregulated by ABA (Li et al., 2006) were matched with the 

expression of genes from seedlings inhibited by the treatment of NAE 12:0 (Teaster et al., 2007). 

Furthermore, the mode and timing of ABA depletion during the  transition from seed to seedling 

stage (Teaster et. al, 2007; Blancaflor et al., 2014) paralleled with that of NAE depletion. In 

Arabidopsis seedlings, NAE metabolism interacts, in part, with ABA signaling pathways, 

presumably to regulate growth and development. The inhibition of seed germination and growth 

were more profound in seedlings treated with both exogenous ABA and NAE 12:0 suggesting 

that both compounds can act in a synergistic manner (Teaster et al., 2007). Similar synergistic 

effect within a narrow developmental window on root inhibition was observed by Keereetaweep 

et al. (2015) when using a combination of NAE 18:2 and ABA. The temporal sensitivity of 

seedlings to ABA and NAE 12:0 was observed during this period, and seedlings were able to 

reactivate seed- associated genetic programs, arrest growth and remain viable for some time 

(Teaster et al., 2007; Cotter et al., 2011; Chapman and Blancaflor 2010). Keereetaweep et al. 

(2013) treated seedlings with varying ABA concentrations and observed a dose dependent effect 

on the levels of 9- and 13-NAE- HOT metabolites. As these metabolites were elevated it caused 
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reduced seedling growth precisely at the same time and manner similar to exogenous NAE 18:3 

treatments (Keereetaweep et al. 2013). While, from the aspect of NAE 18:2 for which the 

oxidative byproduct is 9 and 13 HOD Keereetaweep et al. (2015) found increased ABA synthesis 

in wildtype seedlings when supplied with exogenous 9-LOX or NAE 18:2. The  experimental 

data indicates that major plant NAEs such as NAE 12:0, NAE 18:2 and NAE 18:3 operate 

through the ABA pathway and mediate various physiological responses with each NAE type 

during seedling growth; however the precise mechanism or the molecular targets mediating 

NAE-ABA interaction is unknown.    

 

Description of Lateral Organ Boundary Family and At1g68510 

At1g68510 (LBD 42) belongs to the plant-specific Lateral Organ Boundary Domain 

(LBD) Family (Shuai et al., 2002; Majer and Hochholdinger 2011). The presence of LOB 

domain at the N-terminus is the characteristics of LBD family.  The LOB domain constitutes a 

C-domain consisting of four cysteine (C) residues in a conserved motif CX2CX6CX3C  

(Matsumara et al., 2009; Shuai et al., 2002; Majer and Hochholdinger 2011). The LOB domain is 

also comprised of an invariant glycine residue and a leucine-zipper like motif containing five 

hydrophobic amino acids (V81%X6I61% X6V35% X6 L50%X6L60%) likely required for protein-protein 

interaction (Matsumara et al., 2009; Shuai et al., 2002; Majer and Hochholdinger 2011). There 

are 43 genes that are shown or predicted to comprise the LBD family in Arabidopsis. Using  

TBLASTN (http://www.ncbi.nlm.nih.gov/BLAST/), Shuai et al. (2002) searched against the  

LOB (the founding member of the LBD protein) amino acid sequence and identified 42 genes in 

the Arabidopsis genome that were homologous to LOB. Furthermore, no other genes containing 

75 residues of LOB at the N-terminal were identified, indicating the uniqueness of this domain to 

http://www.ncbi.nlm.nih.gov/BLAST/
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LBD proteins (Shuai et al., 2002; Majer and Hochholdinger 2011). In rice there are 35 homologs 

of LBD proteins (Shuai et al., 2002; Yang et al., 2006), while in maize and poplar there are 43 

and 57 LBD gene family members, respectively (Majer and Hochholdinger 2011). The 

classification of the LBD gene family is based on the structure of the LOB domain at the N-

terminus. Class I LBD genes contain a zinc finger-like C-domain with perfectly conserved 

cysteine residues (as described above) and leucine zipper-like coiled-coil motif LX6LX3LX6L in 

which X residues are not conserved, while class II LBD genes consist of a  zinc finger-like C-

domain only (Shuai et al., 2002; Majer and Hochholdinger 2011). At1g68510 (LBD 42) belongs 

to class II LBD. Due to its incomplete leucine zipper, class II proteins may not be able to form 

coiled-coil structure and this may influence their function (Majer and Hochholdinger 2011). 

The nuclear localization of LBD proteins (Husbands et al. 2007) suggests that the 

members of the LBD family may act as a transcription factors. Husbands et al., (2007) 

demonstrated that LOB domain can bind to the DNA motif 5’ GCGGCG 3’in Arabidopsis. 

Furthermore, using yeast two hybrid screen Husbands et al., (2007) were able to identify the 

interaction of LOB with the members of the basic helix-loop-helix family. Lee et al., (2014) 

identified a conserved proline residue in the LOB domain of LBD 18 that was crucial for DNA 

binding. In fact Lee et al., (2014) aligned all LBD proteins in Arabidopsis using the Swiss 

EMBnet node server alignment program, and revealed that a proline residue in the LOB domain 

is absolutely conserved in all LBD proteins of Arabidopsis.  Lee et al., (2014) also utilized the 

yeast two-hybrid screening method to identify a G-box binding factor (GBF) interacting protein1 

(GIP1) that interacted with  LBD 18, and speculated that GIP1 may act as a putative 

transcriptional coactivator of LBD 18.   
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In plants the function of LBD proteins are diverse and associated with multiple 

developmental processes such as embryogenesis, boundary specification, root, leaf and flower 

development (see review, Majer and Hochholdinger 2011). Overexpression of ASYMMETRIC 

LEAVES2 (AS2) causes alterations in leaf shape by making the leaf cells adaxialized in 

Arabidopsis (Iawaka et al.,2002; Lin et al., 2003) while, simultaneously suppressing the 

expression of several KNOX homeobox genes, KNAT 2, KNAT 6 and BP (Lin et al., 2003). In 

rice, proper expression of OsAS2, an ortholog of AS2/LBD, is required for normal leaf 

development and shoot differentiation (Ma et al., 2009). JAGGED LATERAL ORGANS (JLO) 

also known as LOB gene is expressed in boundaries between meristems and organ primordia in 

Arabidopsis. JLO is required for the boundary specification by coordinating the KNOX and PIN 

activity (Borghi et al., 2007).  

The mutation in the Rtcs gene (closest relative of AtLBD29) in maize affects the 

initiation of crown roots and embryonic seminal roots (Majer and Hochholdinger 2011). In 

Arabidopsis, the impairment of lateral root formation in the double knockout mutant of arf7 

arf19 reflects the importance of auxin response factors such as ARF7 and ARF19 as key players 

in lateral root formation. Overexpression of AtLBD16 or AtLBD29 is able to partially restore the 

inhibition of lateral root formation in the double knock lines of arf7 arf19 (Okushima et al, 

2007). In summary, LOB genes encode transcription factors which are implicated with various 

signaling and metabolic pathways and are emerging as key players for plant growth and 

development, but until now a relationship with NAE metabolism and seedling growth has not 

been established.  
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Genetic Screens to Dissect Signaling and Metabolic Pathways 

Genetic approaches have been extremely useful for elucidating and understanding 

biological processes (Tani et al., 2004). An example is an identification of mutants defective in 

responses to exogenous ABA which have been instrumental in understanding the ABA 

regulatory pathway and  associated components. The ABA biosynthetic mutants designated as 

aba1, 2 and 3 (Koornneef et al., 1982, Léon-Kloosterzial et al. 1996) showed reduced levels of 

ABA. The mutation in aba2 impedes the conversion of xanthoxin to ABA-aldehyde, whereas the 

conversion of ABA-aldehyde to ABA is blocked by mutation in aba3, suggesting that aba2 and 

aba3 encode the proteins responsible for ABA biosynthesis (Schwartz et al., 1997). 

Identification of ABA responsive mutants by screening a mutagenized population of Arabidopsis 

seeds on exogenous ABA for insensitivity such as ABA insensitive mutant (abi) or mutants with 

enhanced response to ABA (era) provided a foundation for models of components involved in 

ABA formation and action (Korneef et al. 1984, Cutler et al., 1996). For example, several of the 

abi mutants wilt under mild water stress conditions in comparison to wildtype (Koornneef et al., 

1984). An ABI1 allele was cloned and showed to encode a protein phosphatase 2C (PP2C) 

(Lueng et al., 1994, Meyer et al., 1994). The PPC2 proteins are highly conserved proteins found 

in both animals and plants and their function is associated with negative regulation of protein 

kinase cascades which are activated upon stress (Rodriguez 1998).  

Although genetic screens and loss-of-function mutants have been useful in dissecting 

many genetic pathways in plants (Tani et al., 2004), due to the functional redundancy of the 

genes this may not always lead to identifiable phenotypes. For example, Shuai et al. (2002) were 

not able to demonstrate any obvious phenotype from the mutation caused by the T-DNA 

insertion in the LOB gene (the founding member of the LBD genes) because of the functional 
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redundancy of other genes from the LOB family. On the other hand they were able to 

demonstrate abnormal leaf shape and flowers by overexpressing the LOB gene. In addition, it is 

difficult to dissect the function of genes that are involved in the multiple life cycle stages and/or 

where loss-of-function causes embryonic lethality (Weigel et al., 2000). In order to overcome 

some of these shortcomings, gain-of-function mutation strategies have been developed.  

 

Activation Tagging: Efficient Method of Generating Gain-of-function Mutants 

The activation-tagging approach was first successfully applied by Hayashi et al. (1992) to 

identify a gene for auxin-independent growth. The method utilizes the enhancer sequence 

derived from the Cauliflower mosaic virus (CaMV) 35S promoter, which has been randomly 

inserted into the chromosomes of Arabidopsis via Agrobacterium-mediated transformation. The 

enhancer sequence may cause the transcriptional activation of nearby genes and may cause a 

change in the phenotype and thus it is called, “activation tagging” (Weigel et al., 2000; Kondou 

et al., 2010). The gain-of-function mutation can overcome the shortcomings loss-of-function 

mutation possesses; i.e., they can act or enhance the expression of genes that are otherwise 

redundant (Weigel et al., 2000). As the mutated genome contains T-DNA, the flanking sequence 

can often be rapidly identified by using Thermal Assisted InterLaced (TAIL) PCR or plasmid 

rescue (Liu et al., 1995), which can accelerate the timeline to gene identification. Furthermore, 

the gain-of-function usually acts as a dominant mutation therefore one can examine the mutant 

phenotype directly after the introduction of the T-DNA i.e. in the T1 generation. 

For several studies related to plant development or hormonal response or abiotic stress, 

the activation tagging method has yielded successful identification of a number of gain-of-

function mutant plants (Kondou et al., 2010) and more findings were revealed in recent years. 
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For example, Xiao et al., (2014) identified a POLYGALACTURONASE INVOLVED IN 

EXPANSION 1(PGX1) gene in a screen designed to identify genes involved in wall expansion 

from etiolated Arabidopsis seedlings. Loss-of-function of pgx1 exhibited reduced hypocotyl 

elongation while overexpression of PGX1 enhanced hypocotyl elongation.   

Significant progress has been made in identification of number of gain-of-function 

mutants in other species and rice is a good example. Mori et. al., (2007) using the activation 

tagging line of rice identified a lesion mimic mutant called Spotted leaf 18 (Spl 18) which 

displayed improved resistance to blast disease. Analysis of the T-DNA insertion locus identified 

the OsAT1 gene to be more highly expressed in the mutant than the wildtype. Furthermore, 

overexpressing lines of OsAT1 exhibited a lesion mimic phenotype, and showed resistance to 

blast and bacterial blight as well. Lu et al. (2014), using the activation tagging method in rice, 

identified a T-DNA locus in the vicinity of two glutamate receptor-like genes from a AH01486 

line that was tolerant to drought. The researchers then recapitulated the drought tolerant 

phenotype by overexpressing the glutamate receptor-like genes in the wildtype background of 

rice and Arabidopsis. Activation tagging may also cause loss-of-function alleles by insertional 

mutagenesis as a result of the T-DNA integration, which must be considered when using the 

activation-tagged populations (Tani et al., 2004).    

The formation and hydrolysis pathway for NAEs is well established in plants (Kim et al., 

2010,) but the detailed sequence of NAE signaling events and our understanding of the direct 

NAE targets in plants is still poorly understood (Tripathy et al., 2003; Kim et al., 2010). The 

objective of my dissertation is to identify targets of NAE action/perception in Arabidopsis 

thaliana L using a genetic approach, specifically activation tagging. By screening for mutants 
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that are tolerant to the growth inhibiting effects of NAE 12:0, I have identified and partially 

characterized a candidate gene that is likely to be involved in the NAE signaling. 
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Methods 

Chemicals and Plant Materials  

N-Lauroylethanolamine (NAE 12:0) was synthesized from lauroyl chloride and 

ethanolamine in Dr. Robby Petros’ laboratory at the University of North Texas. Ampicillin, 

dimethyl sulfoxide (DMSO), hygromycin B, 4', 6-diamidino-2-phenylindol (DAPI) and (±) 

abscisic acid (ABA) were purchased from Sigma (St. Louis). Phosphinothricin (hereinafter 

referred to as “BASTA”) was purchased from GOLD BIOTECHNOLOGY (St. Louis). Organic 

solvents such as phenol and chloroform were obtained from Fisher Scientific (Pittsburgh). 

Activation tagged mutant seeds developed by Weigel et al., (2000) at the Salk Institute for 

Biological Sciences were obtained from the Arabidopsis Biological Resource Center (Ohio State 

University). To generate the activation tagging, researchers used pSKI015 vector. FAAH OE 

lines as described by Wang et al. (2006) were used as a NAE tolerant line while Arabidopsis 

thaliana L., ecotype Columbia (Col-0) (hereinafter referred to as wildtype) was used as a NAE 

sensitive line. The Col-0 wildtype genotype was also used as a genetic background for crossing 

to the mutants and to create transgenic lines overexpressing At1g68510.  

 

Plant Growth Conditions 

For screening and subsequent growth assays, seeds were first surface sterilized using 

95% ethanol followed by 20% bleach for 2 min each and rinsed 4 times with sterile, deionized 

water. The seeds were then stratified for 3 days in the dark at 4oC in sterile, deionized water. 

Seeds were grown in half-strength solid or liquid Murashige and Skoog salts containing 1% 

sucrose (Wang et al., 2006) in a growth room with a 16-h-light/8-h-dark cycle (~50 µmol·m-2·s-1) 

at 20-22o C. A stock solution of 100 mM NAE 12:0 was prepared by dissolving it directly in 
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DMSO. Desired dilutions of the NAE stock solution were added into liquid or solid media prior 

to autoclaving. Similarly, to verify T-DNA insert, BASTA (or phosphoinothricin; 100 mg/mL 

stock solution), prepared by dissolving with water, was added into solid media prior to 

autoclaving. To quantify the primary root length, seedlings were grown in solid plates and tilted 

about 60o to facilitate consistent root elongation into the medium. For other phenotypic 

characteristics such as root tip morphology, root hair formation and accumulation of phenolics 

the seedlings were grown in 3 mL liquid media and incubated with shaking at 75 rpm. Images of 

seedlings and seedling parts were acquired for growth parameters such as primary root length, 

cotyledon area, accumulation of root hairs and root tip architecture. The length of the primary 

root and cotyledon area were analyzed using Image J (version 1.48; http://imageJ.nih.gov/ij). The 

assessment of the growth parameters described above was conducted between 11-15 d after 

sowing. The significance tests in the study were conducted by using one-way ANOVA with 

Tukey’s post-test.  

 

Screening and Genetic Analysis of NRA mutants 

About 45,000 M3 seeds from the activation tag pool were screened in MS liquid medium 

containing 50 µM 12:0 NAE. About 300 seeds were grown in a flask containing 50 mL media 

containing 50 µM 12:0 NAE. After two weeks the potential candidate mutant seedlings were 

compared with the wildtype seedlings visually for enhanced root and seedling growth. M4 

progeny from M3 NAE resistant plants were obtained and phenotypes were re-evaluated in solid 

and liquid MS medium containing 0, 25, 30 and 50 µM 12:0 NAE. Plants with T-DNA inserts 

were confirmed by sowing the seeds of the candidate NRA mutants in solid medium containing 

BASTA 7.5 mg/mL. To determine the nature of the heritability, reciprocal crosses of NRA 
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mutants to the wildtype were conducted. F2 seeds obtained from the backcrosses between NRA 

mutants and wildtype were plated on MS medium solidified with 0.5% phytagel which contained 

30 µM NAE 12:0. The number of independent T-DNA inserts was estimated by sowing the F2, 

F3 and F4 seeds obtained from backcrosses between NRA 25 and wildtype in media 

supplemented with BASTA (7.5 mg/mL). The data from the crosses involving NRA mutants to 

wildtype were subjected to Pearson’s Chi Square test. Co-segregation of the T-DNA allele and 

the NAE resistant phenotype were evaluated using F3 segregating and non-segregating seedlings 

recovered after backcrosses to wildtype.  

   

Thermal Assisted Interlaced (TAIL) PCR analysis  

Genomic DNA of backcrossed NRA 10, NRA 11, NRA 25 and NRA 27 lines to wildtype 

was isolated using DNAzol (Invitrogen, Carlsbad, CA), following the manufacturer’s suggested 

protocol. The locus of the activation tag was identified using Thermal Asymmetric Interlaced 

(TAIL) PCR method as described by Liu et al., (1995). The DNA samples were subjected to 

TAIL-PCR by Dr. Cheolmin Yoo at the Samuel Roberts Noble Foundation, Ardmore, OK. The 

DNA products obtained from the third round of PCR amplification were subjected to sequencing 

using the T-DNA Left border (LB) primer (i.e. 5’-TGATCCATGTAGATTTCCCGGACATG-

3’) as the sequencing primer by the Genomics Core Facility of Samuel Roberts Noble 

Foundation, Ardmore, OK.  
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Plasmid Rescue 

This method utilizes the plasmid sequences in the vector (PSKI015) which are flanked by 

several restriction sites (Weigel et al., 2000) to recover flanking sequence adjacent to the T-DNA 

insert. The restriction enzyme SpeI was used to rescue the left T-DNA border and the adjacent 

genomic sequences (Tani et al., 2004). Genomic DNAs of backcrossed (to wildtype) NRA 10, 

NRA 11, NRA 25 and NRA 27 lines were isolated using DNAzol (Invitrogen) following the 

manufacturer’s suggested protocol. Three µg of the genomic DNA were digested with SpeI for 

three hours at 37oC in a 100-µL reaction. The digested DNA samples were subjected to 

phenol:chloroform (1:1 v/v) extraction, ethanol precipitated and ligated overnight at 14oC. The 

ligated DNA was purified using phenol:chloroform (1:1 v/v) extraction and ethanol precipitation. 

One-fifth of the ligated products were used to transform E. coli TOP10 competent cells 

(Invitrogen), and cells were then selected in 100 µg/mL ampicillin. The rescued plasmids were 

isolated using Wizard Plus SV miniprep kit following the manufacturer’s suggested protocol and 

sent for sequencing   (EuroFins MWG-Biotech, Huntsville, AL) using the LB primer (5’-TGAT- 

CCATGTAGATTTCCCGGACATG-3’). 

 

Identification of the T-DNA insertion site for NRA 25 

To follow up the TAIL PCR results and verify the presence of T-DNA insertion NRA 

25(F) (5’-GACCAGATTATCACAGGAC-3’) primer was designed 1522 bp at 3’ At1g68500 

and PCR amplified from the  left border of the T-DNA using LB (R) (5’-TGATCCATGTAG- 

ATTTCCCGGACATG-3’). Amplification of At1g68500 was done using At1g68500 (F) (5’-  

AACTCAACGTCCCAAAAAGG-3’) and (R) (5’-GCAAGAAGGGAC TGCTGATG-3’).  



21 
 

To confirm the exact location of the T-DNA from the left border side, the genomic DNA 

of NRA 25 was PCR amplified using the NRA 25forward primer (5’-GACCAGAT- 

TATCACAGGAC-3’) and the left T-DNA border reverse primer (LB- R) (5’-TGATCCATGTA- 

GATTTCCCGGACATG-3’). To identify the location of T-DNA insertion from the right side, a 

2108 bp fragment at the 3’ end of At1g68510 was PCR amplified using the right T-DNA border 

forward primer (5’-GACGTTCCAACCACGTCTTCAAAGC-3’) and the At1g68510R3 reverse 

primer (5’-GCTAGTCATATGGCAATAAC-3’) . The PCR products were amplified using 

Platinum PCR Super Mix High Fidelity (Invitrogen), agarose gel purified, and cloned directly 

into the TOPO TA Cloning Vectors pCR 4-TOPO(LB PCR product) and pCR 8/GW/TOPO(RB 

PCR product) (Invitrogen) for sequencing (EuroFins MWG-Biotech). To verify the presence of 

4x35S in NRA 25, PSK (F) (5’-GACGTTGTAAAACGACGGCCAGT-3’) primer  was designed 

70 bp upstream of the 4X35S  to the right side of T-DNA and PCR amplified with reverse 

primer, cDNAAt1g68510(R) (5’-CTAACCAAGTCTGAGCTCTAAGCC-3’).  

 

Constitutive Expression of At1g68510 and Plant Transformation 

The binary vectors utilized in the study to create overexpression of At1g68510 and 

At1g68510-GFP fusions were pMDC 32, pMDC 43 and pMDC 83 (Curtis and Grossniklaus, 

2003). Total RNA was extracted from wildtype Arabidopsis using plant RNeasy Extraction Kit 

(Qiagen, Valencia, CA), followed by treatment with RQ1 RNase-free DNase (Promega, 

Madison, WI). One microgram of RNA was reverse-transcribed using SuperScript III One-Step 

RT-PCR System with Plantinum Taq High Fidelity (Invitrogen) following the manufacturer’s 

instructions. The primers used for cDNA synthesis were cDNAAt1g68510 (F) (5’-ATGAG- 

AATCAGCTGCAACGGG-3’) and cDNAAt1g68510 (R) (5’-CTAACCAAGTCTGAGCTCTA- 
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AGCC-3’).  The full length of At1g68510 genomic DNA was obtained from ABRC (Columbus, 

OH; stock number DKLAT1G68510). The cloned full-length cDNA and the genomic DNA of 

At1g68510 were used as templates for PCR amplification using the primers At1g68510KpnI (F) 

(5’-GGGGTACCCCATGAGAATCAGCTGCAACGGG-3’) and At1g68510 SpeI (R) (5’-

ACTAGTCTAACCAAGTCTGAGCTCTAA-3’) to provide restriction sites specific to pMDC 

32 on each end of the sequence. The genomic DNA of At1g68510 was used as a template for 

PCR amplification using the primers At1g68510AscI (F) (5’-GGCGCGCCTATGAGAATCA- 

GCTGCAACGGG-3’) and At1g68510SpeI(R) (5’-ACTAGTCTAACCAAGTCTGAGCTCT- 

AA-3’) to introduce restriction   site for the pMDC43 construct. To introduce restriction sites for 

pMDC83 construct, the genomic DNA of At1g68510 was PCR amplified using the primers 

At1g68510p83AscI (F) (5’-ACTAGTATGAGAATCAGCTGCAACGGG-3’) and At1g68510- 

p83 SpeI  (R) (5’-GGCG CGCCAACCAAGTCTGAGCTCTAAGC- C-3’). PCR reactions were 

performed using Platinum® Taq DNA Polymerase High Fidelity (Invitrogen). The PCR 

conditions used were: 94oC for 2 min (94oC for 15 sec, 57oC for 30 sec, 68oC for 1 min and 

repeated 24 more cycles), and 72oC for 10 min. The PCR products and designated vectors were 

digested with KpnI and SpeI for pMDC32 constructs or AscI and SpeI for pMDC43 and 

pMDC83 constructs. The digestions were done for 4 hours at 37oC, and the digested products 

were ligated overnight at 4oC. The ligated products were transformed to E. coli TOP10 

competent cells (Invitrogen). After confirming the sequence of the ligated products, the 

constructs were transformed into A. tumefaciens strain LBA4404. The T-DNA from A. 

tumefaciens harboring the construct was transformed into floral tissues of about 20 days old 

Arabidopsis thaliana Col-0 plants by the floral dip method (Clough and Bent, 1998). 

Arabidopsis T1 seeds obtained from floral dip transformation were sown on MS solid medium 
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containing Hygromycin B (30 µg/mL). Hygromycin B resistant T1 plants were selected for 

further study.    

 

RNA Extraction and Quantitative RT-PCR Analysis 

Total RNA was extracted from Arabidopsis plants using plant RNeasy Extraction Kit 

followed by treatment with RQ1 RNase-free DNase. Quantitative RT-PCR was performed with a 

Smart Cycler II (Cepheid) detection system using a real-time, one-step assay kit (Takara Bio, 

Mountain View, CA) and SYBR Green I following the manufacturer’s protocol. The primers 

were specifically designed for the At5g64440/AtFAAH (Wang et al., 2006) At1g68500, 

At1g68510 and At3g24560/ABI3 (Keereetaweep et al., 2015) which spanned one intron of the 

genomic sequence. Elongation factor alpha 1(EFα1) transcript was used to normalize relative 

expression. The transcript fold changes were determined using the 2-ΔΔ cycle threshold (CT) 

method (Livak and Schmittgen, 2001). The amplicon from the RT-PCR were also examined 

using gel electrophoresis. The primers used for qRT-PCR are as follows: EFα1 (F) (5’-

AGGTCCACCAACCTTGACTG-3’) (R) (5’-GAGACTCGTGGTGCATCTCA-3’); AtFAAH  

(F) (5’-CCATCTCAAGAACCGGAGCATG-3’), (R) (5’-GGTGTTGGAGGCTTGTCATAGC-

3’); ABI3 (F) (5’-AGAAACGGATGGCGAGACAG-3’) (R) (5’-CCACGGGGTTAAGTTGTG- 

GA-3’); At1g68500 (F) (5’-AACTCAACGTCCCAAAAAGG-3’), (R) (5’-GCAAGAAGGG- 

ACTGCTGATG-3’); At1g68510 (F) (5’-CACCTTCGTCCCGCAATATTTAG-3’), (R) (5’-

GTGTGTGAGTTATGGGTAAGCCG-3’).  
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Localization of At1g68510-GFP 

GFP fusions of At1g68510 proteins were imaged using confocal scanning fluorescence 

microscopy. Two-week old Arabidopsis leaves were incubated in the dark for 10 min with 4', 6-

diamidino-2-phenylindol (DAPI; 0.5µg/mL) dissolved in a phosphate-buffered saline (PBS) 

solution (Dulbecco and Vogt, 1954). After incubation, the leaves were washed with PBS solution 

three times and mounted on a slide with water. The specimens were observed using a Zeiss 

LS710 laser scanning confocal microscope (Thornwood, NY). GFP was excited using the 488 

nm laser with an emission window of 495-592 nm. DAPI imaging excitation was at 405 nm with 

an emission window of 410-585 nm. Chlorophyll was excited with 405 nm laser or a 488 nm 

laser with an emission window of 650-735 nm. Images were analyzed using the LSM image 

browser (ZEN Imaging Software 2012 from Zeiss). 
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Results 

Identification of NAE resistant mutants 

A forward genetics approach was initiated by screening a population of T-DNA 

“activation-tagged” lines for NAE resistance to identify potential genes involved in NAE 

signaling events in A. thaliana. Primary screening of about 45,000 T3 seeds obtained from the 

activation tagged pool (Weigel et al., 2000) were conducted in the presence of 50 µM NAE 12:0.  

Phenotypic characteristics such as root and shoot growth were used to select candidate NRA 

mutants and compared with wildtype. After 12 days, mutant individuals which displayed NAE 

resistant (NRA) seedling phenotypes, compared with wildtype seedlings, were selected and 

grown in the soil to generate M4 seeds. To ascertain the heritability of the NAE resistant 

phenotypes, candidate NAE resistant (NRA) mutants (M4) were first grown on BASTA to 

confirm the presence of the T-DNA element (See Table 1), and were re-screened for NAE 

tolerance to confirm segregation of BASTA resistance with NAE tolerance.   

Candidate NRA mutants obtained from the secondary screen (Figure1A and 1B) that 

displayed enhanced seedling growth in the presence of 50 µM NAE 12:0 were also subjected to a 

third round of screening (Table 1 and Figure 1C). Ten NRA mutants were identified with 

considerable tolerance to the negative growth effects of NAE (compared with wildtype, 

summarized in Table 1). The primary roots of wildtype seedlings were severely affected by 30 

and 50 µM NAE 12:0 (See Figs 1-2). The root length of wildtype was reduced and displayed 

swelling in the root tip region. The primary roots of wildtype were also completely devoid of 

root hairs. NRA lines exhibited less sensitivity to NAE with longer roots, microscopic 

observation revealed little or no swelling and, in some lines, even the elaboration of root hairs 

(Figure 1A).  
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More than ten mutants exhibited NAE resistant phenotypes differing from the wildtype in 

root length, root tip architecture and root hair development (Table 1). Examination of the 

phenotypes led to the identification of several different phenotypic classes. In subsequent studies, 

representative mutants from four main classes were selected for the detailed study. Four mutants, 

NRA 10, NRA 11, NRA 25 and NRA 27, showed somewhat different phenotypes (root length, 

root hair and root tip architecture) from each other and from the wildtype, but all were resistant 

to some degree to the inhibitory growth effects of NAE12:0. The description of these NRA lines 

is summarized in Table 1.  

 

Heritability of NAE resistant phenotype and T-DNA insertion in NRA mutants 

To obtain a NAE resistant homozygous line and confirm NAE tolerance, the mutation 

responsible for the NAE resistant phenotype was stably inherited for three successive 

generations. While, for NRA 25 the homozygosity was confirmed by genotyping (Figure 5B). To 

determine the nature of the heritability, crosses of the NRA 11, NRA 25 and NRA 27 mutants 

and the wild type A. thaliana were carried out. The progenies of F1  were assessed by examining 

the F2  seeds grown in the presence of 30 µM NAE 12:0 (Figure 2, see Appendix A and B). The 

assessment was conducted using the primary root length phenotype. To determine independent 

T-DNA inserts, the F2 progeny obtained from the cross of the wildtype to the NRA mutant lines 

were screened for tolerance to the BASTA selectable marker. Chi square (χ2) test was conducted 

(Table 2, Figures 2 and 4, Appendix A and B) to determine whether the expected and the 

observed frequencies differed significantly in the categories of resistant versus the sensitive 

plants when grown with NAE 12:0 or BASTA. Based on results obtained from NAE assay, 

linkage of T-DNA to NAE resistant phenotype and identification of T-DNA locus from NRA 11, 
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NRA 25 and NRA 27, studies were pursued with NRA 25 because A) it displayed the most NAE 

resistant phenotype (Table 1), B) a dominant mode of heritance for NAE resistance phenotype 

was observed (Figure 2) and was consistent with chi-square analysis for insert at a single locus 

(Figure 2, Table 2), C) the T-DNA co-segregated with the NAE resistant phenotype (Figure 3), 

and D) the exact T-DNA insertion site was identified for NRA 25 (Figures 4 and 5). 

 

Linkage between T-DNA insert and NAE resistance phenotype in NRA 25  

The results described in this section are represented in flowchart form (Figure 3). 

Evaluation of the F2 seedlings obtained from the cross involving NRA 25 to wildtype revealed a 

ratio of 39:1 BASTA tolerant to sensitive which prompted me to speculate that there could be 

more than one insertion in the NRA 25 parent line. Therefore, a second cross was conducted to 

wildtype this time using NRA 25b i.e. the most NAE resistant and BASTA tolerant F4 plant 

reconstituted from the first cross. Evaluation of F2 progeny obtained from the cross involving 

NRA 25 b parent line to wildtype fit the 3:1 ratio tested for BASTA resistant to sensitive 

(χ2=0.096) indicating the most likely presence T-DNA insertion at one locus in NRA25b. 

Linkage between T-DNA insert and the NAE resistant phenotype was evaluated for segregating 

and non-segregating F3 progenies reconstituted from the second cross. The F3 progenies 

subjected to BASTA and NAE assay segregated and co-segregated as predicted i.e. 4:0 and 3:1 

NAE/BASTA tolerant to sensitive. The segregation pattern obtained indicates a link between T-

DNA insertion and phenotype and that NAE resistance in NRA 25 is mediated by a single 

dominant gene. The assumption accepted also corroborates with the Chi square goodness of fit 

test with χ2=<3.86.  
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Identification of the T-DNA tagged locus using TAIL PCR 

Attempts were made to identify the locus where the T-DNA was integrated in the NRA 

11, NRA 25 and NRA 27 line using TAIL PCR (Figure 4) as described in Liu et al., 1995. 

Sequencing results of 12 samples from the backcrossed NRA 25 lines yielded seven reads of the 

same sequence suggesting a putative location of the T-DNA insert i.e. about 800 bp upstream 

from the coding sequence of At1g68500  (Figure 5). However, the TAIL PCR results from NRA 

11 and NRA 27 suggested the location to be centromeric or in the retro transposon area, making 

the assignment of the T-DNA insertion in mutants 11 and 27 uncertain by this approach.  

 

Identification of the T-DNA tagged locus using plasmid rescue method 

As an alternative to the TAIL-PCR approach, the T-DNA integration loci for NRA 11 

and NRA 27 was attempted using the plasmid rescue method (Weigel et al., 2000). The rescued 

plasmid DNA obtained from NRA 11 parent line and from F3 progeny of the two backcrossed 

lines:  wildtype male x NRA11 1.1.2 and wildtype male x NRA11 2.1.2 were sent for sequencing 

using the left T-DNA border (LB) primer. Analysis of the sequence results, revealed the T-DNA 

to be located in the retro transposon area again. This mutant was not further followed.   

Plasmid DNA obtained from NRA 27 parent line and the homozygous F3 progeny of 

three backcrossed lines: wildtype male x NRA27 1.1.2, wildtype male x  NRA 27 2.1.1 and 

wildtype female x NRA27 1.1.1 were sequenced using the LB primer. Blasting the sequence 

results of  six samples obtained from two independent cross; i.e., the wildtype male x  NRA27 

1.1.2 and wildtype male x  NRA11 2.1.1 revealed the T-DNA integration location to be at -1093 

bp upstream from the coding sequence of At2g37410  and -245 upstream from the coding 

sequence of At2g37420 (see Appendix B Figure B3). It is likely that left T-DNA border is facing 
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the At2g37420. For the sake of time, this mutant was not pursued further, but remains a 

promising candidate for future studies.   

 

Verification of T-DNA insertion in NRA 25 

The presence of T-DNA in the NRA25 mutant line was initially confirmed by PCR using 

the NRA25 (F) primer designed 1522 bp at 5’At168500 and LB (R) primer. The amplification 

yielded a product about 650 bp (Figure 5A) indicating that T-DNA is inserted 870 bp upstream 

of At1g68500 gene while the right T-DNA border (RB) is facing the 5’-At1g68500. This 

suggested that the At1g68500 gene might be overexpressed to confer NAE tolerance.  

Surprisingly, RT-PCR using gene-specific primers revealed no transcript for At1g68500 (Figure 

6A). Similarly, no amplification product was observed from the PCR of the genomic DNA 

samples spanning At1g68500 gene (Figure 5B). Sequencing the PCR products revealed the T-

DNA insertion in the NRA 25 mutant replaced a 2652 bp segment of chromosomal DNA 

encompassing the At1g68500 gene, placing it 3.86 Kbp upstream from the coding sequence of 

At1g68510 (Figure 5). To validate the T-DNA insertion location and the presence of intact 

4x35S another set of PCR was conducted upstream of 4x35S promoter. As anticipated, a PCR 

product of about 5.7 kbp was amplified (Figure 5 C).     

 

 At1g68500 and At1g68510 gene expression levels in NRA 25 

Expression levels of At1g68500 and At1g68510 transcripts were analyzed by quantitative 

and semiquantitative RT-PCR using gene-specific primers. When compared with wildtype, 

transcript levels of At1g68510 was higher in the homozygous, NRA 25 mutant by 18.8-fold 

while, no transcript was detected for At1g68500 gene in NRA 25 homozygous line (Figure 6 B). 
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Semiquantitative RT-PCR results also corroborated the qRT-PCR results; i.e., there was no 

amplification of At1g68500 gene in homozygous NRA 25 lines, while there was a faint 

amplification product for At1g68510 gene in homozygous NRA 25 (Figure 6 A) compared with 

wildtype.    

 

NRA 25 mutant displays NAE resistant phenotypes 

Secondary and tertiary screens revealed NRA 25 to confer a substantial NAE resistant 

phenotype (Table 1). In these experiments, wildtype seedlings were used as a control that is 

sensitive to exogenous NAE 12:0, while FAAH OE 2, with its increased capacity for NAE 

hydrolysis and inactivation, was used as a NAE insensitive control (Wang et al. 2006). NRA 25 

exhibited tolerance to NAE 12:0 when compared with wildtype. The primary root length of 

wildtype seedlings was severely affected by NAE 12:0 and were significantly shorter than that of 

NRA 25 (Figure 7). The primary roots of the wildtype were also completely devoid of root hairs, 

whereas NRA 25 mutants exhibited elaboration of root hairs (Figure 8). Furthermore, no 

swelling or formation of irregular root tips was observed in the primary roots of NRA 25 

compared to wildtype (Blancaflor et al., 2003).  

The expansion of cotyledons in exogenous NAE 12:0 (30 µM) was measured in 15-d old 

Arabidopsis seedlings (Figure 9). As anticipated FAAH OE2 exhibited enhanced cotyledon 

expansion both in the absence and presence of NAE 12:0 while wildtype was severely reduced 

by NAE. Cotyledon expansion of NRA25 was comparable to FAAH OE 2 when grown without 

NAE and slightly enhanced in the presence of NAE compared with wildtype (Figure 9).  
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Generation of transgenic lines overexpressing At1g68510 gene   

We hypothesized that NAE tolerance in NRA25 mutants was due to the up-regulation of 

At1g68510. To test this assertion, I designed binary vectors for over-expression of At1g68510 

were constructed with help from Dr. Lionel Faure. Several independent transgenic lines 

overexpressing At1g68510 gene were obtained by placing At1g68510 cDNA or genomic DNA 

under the control of the 2x. cauliflower mosaic virus (2x. CaMV) 35S promoter with or without 

GFP. Confirmation of the transgene was assessed by growing the transgenic lines in hygromycin, 

and by genotyping (by PCR). Analysis of RT PCR results (Figure 10) revealed a substantial 

elevation of At1g68510 transcript levels in these At1g68510 OE lines compared with wildtype. 

Four independent homozygous T2 At1g68510-overexpressing events (cAt1g68510 OE2, 

At1g68510 OE2, At1g68510-GFP OE2 and GFP-At1g68510 OE3) were chosen for further 

characterization with NAE and ABA in seedling growth assays.   

 

At1g68510 is localized in the nucleus 

          To study the intracellular localization of the At1g68510 protein, transgenic lines that 

expressed genomic DNA of At1g68510 as a fusion with GFP (35S::GFP-At1g68510 and 

35S::At1g68510-GFP), under the control of the cauliflower mosaic virus 35S promoter were 

created. The localization of the fusion protein was observed using confocal laser scanning 

microscopy. Confocal results revealed the localization of At1g68510 to be in the nucleus which 

was confirmed by counterstaining with DAPI. Consistent with the nuclear localization of other 

members of At1g68510 LATERAL ORGAN BOUNDARY (LOB) protein family (Iwakawa et 

al., 2002; Kim and Kim 2012), At1g68510 localized to the nucleus (Figure 11). Fusion of GFP to 
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the C or N terminus did not affect the nuclear localization of the fusion protein.  At1g68510 

overexpressors were tolerant to exogenous NAE 12:0 

It was speculated that the growth of At1g68510 OE lines will not be inhibited by NAE 

12:0 to the same degree as wildtype. Indeed, seedlings of the At1g68510 OE lines displayed 

substantial tolerance to exogenous NAE 12:0 compared with wildtype seedlings (Figures 12 and 

13). There was noticeable difference between At1g68510 OE lines and wildtype in terms of 

primary root length (Figure 12) and cotyledon expansion (Figure 13) when grown at 30 µM NAE 

12:0. As previously demonstrated NRA 25 lines also exhibited tolerance to exogenous NAE 12:0 

both in terms of primary root length and cotyledon expansion. The tolerance of NRA25 to NAE 

was more obvious in terms of primary root length when compared with At1g68510 OE lines; 

whereas, cotyledon expansion in At1g68510 OE seedlings in NAE was substantially more 

dramatic in the over-expressing lines than the NRA25 parent. The transgenic lines also had root 

hair formation and root tips were not affected like that of wildtype when grown in NAE, in a 

manner similar to NRA 25 (Figure 15). In addition to reduced sensitivity to exogenous NAE 12:0 

some of the At1g68510 lines and NRA 25 line exhibited enhanced seedling growth when grown 

in solvent alone compared with wildtype; however, the magnitude of these growth differences 

was not as striking as when seedlings were exposed to 30 µM NAE 12:0 (Figures 12 and 14).   

 

Overexpression of At1g68510 reduces seedlings insensitivity to ABA  

Normal seedling development has been suggested to require depletion of both NAE and 

ABA, and NAE inhibition of seedling growth has been shown to be much more potent in the 

presence of ABA (Teaster et al., 2007, Cotter et al., 2011, Chapman and Blancaflor, 2010; 
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Keereetaweep et al., 2013 Blancaflor et al. 2014; Keereetaweep et al., 2015). These findings 

prompted speculation that At1g68510 overexpressing lines and the parent NRA 25 mutant might 

be tolerant to the inhibitory action of ABA as well. To test this hypothesis, seeds of the 

transgenic lines overexpressing At1g68510 and NRA 25 were subjected to germination tests in 

ABA (0.1 µM). Germination was quantified by scoring the emergence of radicles after 2 days. 

Wildtype and FAAH OE 2 (ABA-hypersensitive; Teaster et al. 2007) seeds were evaluated by 

comparison in these germination experiments. As anticipated FAAH OE 2 seedlings were 

hypersensitive to ABA compared with wildtype. On the other hand, two At1g68510 

overexpressing lines appeared to be less sensitive to ABA (Figure 16).  These over-expressing 

lines were more tolerant to ABA than the original NRA25 mutant as well (Figure 16). These 

results suggest that At1g68510 over-expression leads to tolerance to both NAE and ABA in 

seedlings, distinctly different from that of FAAH over-expression which confers tolerance to 

NAE but hypersensitivity to ABA (Teaster et al., 2007).  
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A.    WT               Mut. 8(NRA 10)            Mut.9            Mut.10(NRA 11)   Mut.11(NRA 12) 

 

B. WT              NRA 26               NRA 27        FAAH OE 2         C. WT  NRA 16  FAAH OE2          

                

 

Figure 1 Screening and characterization of potential (M4) candidate NRA mutants. Secondary 

screening utilized additional phenotypic characteristics of NAE 12:0 such as increase in radial 

swelling of root tips, reduction in root hair numbers (ecotype Columbia see Blancaflor et al., 

2003 and Motes et al., 2005) and were grown in both solid and liquid medium with NAE 

concentration ranging from 25-100 µM.  A, Mutant 9 and wildtype exhibits similar sensitivity to 

50 µM NAE 12:0 thus Mutant 9 was not selected for tertiary screen whereas, Mutant 8, 10 and 

11 exhibited NAE tolerance in terms of in terms of radial swelling of root tips and accumulation 

of root hairs and designated as NRA 10, 11 and 12 respectively. B, Secondary screening of NRA 

mutants grown in NAE-containing liquid MS medium. The wildtype and M4 seeds were grown 

on MS liquid medium in the presence of 25 µM NAE. The images are of 12 d-old wildtype, 

NRA mutants and Fatty acid amide hydrolase (AtFAAH1) overexpressor line 2 (FAAH OE 2). 



35 
 

C, Tertiary screening of NRA mutants grown in NAE-containing liquid MS medium. The image 

is of 16-d old wildtype, NRA 24, NRA 16 and FAAH OE2 grown in the presence of 30 µM NAE 

12:0. 
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Table 1 Summary of experimental results featuring key characteristics of NRA lines when grown 

in the presence of NAE 12:0  

No. Mutants Enhanced Root Length 

(% of wildtype) 

Presence of Root 

Hairs 

25 µM 

(L) 

30 µM 

(S) 

50 µM 

(L)* 

30 µM 

(S) 

50 µM 

(L) 

1 NRA10 110 ND 260 ND + 

2 NRA11 450 ND 245 ND + 

3 NRA12 100 ND 270 ND + 

4 NRA15 180 350 205 +/- +/- 

5 NRA16 120 370 215 +/- +/- 

6 NRA24 150 420 220 +/- +/- 

7 NRA25 540 490 330 + +/- 

8 NRA27 170 230 395 +/- +/- 

 

Arabidopsis seeds were grown in MS medium in the presence of 0, 25, 30 and 50 µM 12:0 NAE 

at 16-h-light/8-h-dark cycle at 21oC in liquid (L) and solid (S) medium. The length of the 

primary root was measured after 11 days. Root length (% of wildtype) was determined by 

comparing the NRA mutants with the wildtype. The potential candidate mutants were subjected 

to BASTA  (7.5 mg/L) selection. For the solid media experiments the phytagel percentage used 

was 0.5%. The presence of root hairs was also determined for some of the mutants. Note: *: 

represents an average of two experiments; ND: to be determined; +: root hairs present, - not all 

representative exhibited root hair formation. M4 or M5 mutants were selected for the study.    
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Figure 2 Effects of 30 µM NAE 12:0 on the length of roots in 11-13 d old Arabidopsis plants. 

The F2 seedlings obtained from backcrossing with wildtype male was compared with the 

homozygous wildtype and NRA 25 line in the presence of 30 µM NAE 12:0 and assessment was 

done for the root length phenotype. The cutoff value to distinguish the wildtype and the NRA 25 

root length phenotype was 3 mm at 30 µM NAE 12:0. The X axis in the figures refers to the 

number of the plants studied.   
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Table 2 Chi-square (χ2) analysis of data from crosses involving NRA 25 and wildtype 

 

Generation 

Progeny Phenotype 

Longer root length     Shorter root length 

     (NRA 25)                    (wildtype) 

 

Ratio 

obtained 

 

Ratio 

tested 

 

χ2* 

 

 

F2 

 

104 

 

30 

 

3.5:1 

(104:30) 

 

3:1 

(100:34) 

 

0.55 

 

*With one degree of freedom and a critical value of 5%, the data are consistent with the 

hypothesis that, “the resistance to NAE in NRA 25 line is conferred by a single dominant gene” 

if the χ2* is smaller than 3.84                                      
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Figure 3 Flowchart exhibiting genetic analysis of T-DNA insertion and NAE tolerance 
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Figure 4 Identification of the T-DNA insertion in NRA 25 using TAIL PCR. Using three 

arbitrary degenerate primers (AI, AII and AIII) TAIL PCR was conducted from the genomic 

DNA samples of the backcrossed NRA 25 lines (F2) that were highly resistant to NAE 12:0 (see 

arrows). Sequencing the tertiary products of the TAIL PCR (see arrows) of the 12 samples 

yielded seven reads of the same sequence suggesting a tentative location of the T-DNA insert; 

i.e., in the vicinity of the At1g68500 gene.  
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Figure 5 Verification of the T-DNA insertion in NRA 25. I, In this scheme template DNA was 

isolated from wildtype (A), NRA 25 homozygous line (B), and heterozygous NRA 25 lines after 

backcrossing to wildtype (C and D). The presence of T-DNA was initially confirmed by 

conducting the PCR reaction using the NRA25 (F) primer designed 1522 bp at 5’ At168500 and 

LB (R). The amplification yielded a 650 bp product (A) indicating that LB is inserted 870 bp 

upstream of At168500 gene. PCR of the genomic DNA samples (II) spanning At1g68500 gene 

did not reveal any amplification product. Sequencing the PCR products using the NRA 25 (F) 

primer/LB primer from the left border side and RB (F)/At1g68510R3 (R) from the right border 

side revealed that the T-DNA insertion in the NRA 25 mutant replaced a 2652 bp segment of 

chromosomal DNA encompassing the At1g68500 gene, placing it 3.86 Kbp upstream from the 

coding sequence of At1g68510 (map). III, To validate the T-DNA insertion  and the presence of 

4x35S another set of PCR was conducted using PSK(F) and cDNA At1g68510(R) and as 

expected about 5.7 kbp of band was formed from the genomic DNA samples of NRA 25.     
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Figure 6 At1g68500 and At1g68510 expression in wildtype and NRA 25. A, Semi-quantitative 

reverse transcriptase-polymerase chain reaction analysis was performed to determine the 

transcript abundance of At1g68500 (Figure A left panel) and At1g68510 (Figure A right panel) 

genes in total RNA extracts from the wildtype (I) and NRA 25 (II) seedlings. The primers were 

designed specifically for At1g68500 (a) and At1g68510 (c) genes. Elongation factor 1 alpha 

gene (c) was used as a control in the experiment. The transcript of At1g68500 was not observed 

in homozygous line of NRA 25 (see arrow left panel) while the transcript of At1g68510 was 

slightly higher in NRA 25 than the wildtype (see arrowhead right panel). B, At1g68500 and 

At1g68510 transcript levels were quantified in 12-15 d old seedlings by qRT-PCR (Figure B). 

Elongation factor 1 alpha gene was used to normalize At1g68500 and At1g6810 transcript levels 

and were plotted relative to transcript levels in wildtype. The transcript level of At1g68510 gene 

in NRA 25 homozygous line is 18.8 fold higher than wildtype. Data points are from an average 

of two biological replicates each containing three technical replicates. Bars represent the mean 

and standard deviation of two experiments. 
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 Figure 7 NRA 25 mutant exhibits tolerance to exogenous NAE 12:0. The effect of NAE 12:0 

was assessed in wildtype, NRA 25 and FAAH OE 2. Seedlings of Arabidopsis were exposed to 

exogenous NAE 12:0 (30 µM) and compared with DMSO (solvent control) in MS solid medium. 

The primary root length was determined for 9-d plants treated with DMSO and 13-d plants 

treated with NAE. Images were captured and the primary root length were analyzed using the 

software Image J. A, Note that NRA 25 line exhibited less sensitivity to NAE 12:0 when 

A.     WT                      NRA 25             FAAH OE 2            

NAE  

Control 
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compared with the wildtype. B, The length of the primary root was determined. Bars represent 

the mean and standard deviation of 18 individual seedlings. Different letters show significant 

difference at P<0.05, based on one-way ANOVA with Tukey’s post-test.  

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

                              

Figure 8 Effect of NAE 12:0 on the root tip morphology and root hair growth. Arabidopsis 

seedlings were grown in MS liquid medium containing the DMSO solvent only or 30 µM NAE 

12:0. Fifteen days old Arabidopsis seedlings were mounted on slides for the observation of root 

tip and root hair morphology. Representative images of seedlings were acquired using the bright- 

field of a Nikon Optiphot microscope. The images show that NRA 25 is less affected by NAE 

12:0. At 30 µM NAE concentration, wildtype displayed swelling on the root tip region. The 

primary roots of the wildtype were also completely devoid of root hairs whereas NRA 25 

exhibited less sensitivity to NAE with little or no swelling and elaboration of root hairs.   
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Figure 9 NRA 25 mutant exhibits tolerance to exogenous NAE 12:0. The effect of NAE 12:0 

was assessed in wildtype, NRA 25 and FAAH OE 2. Seedlings of Arabidopsis were exposed to 

exogenous NAE 12:0 (30 µM) and compared with DMSO (solvent control) in MS solid medium. 

Images were captured and cotyledon area was analyzed using the software Image J. Note that 

NRA 25 line exhibited similar sensitivity to NAE 12:0 when compared with wildtype. A, 

Arabidopsis seedlings exposed to exogenous NAE were also assessed for cotyledon 

development. Images captured and data analyzed are of 15-d old seedlings. B, Bars represent the 

mean and standard deviation of each cotyledon from 12 individual seedlings. Different letters 

show significant difference at P<0.05, based on one-way ANOVA with Tukey’s post-test.  

 

     A.                 WT                              NRA 25                   FAAH OE2 
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Figure 10 Expression of At1g68510 gene in 12-d old Arabidopsis plants. Semi-quantitative 

reverse transcriptase-polymerase chain reaction analysis of AT1g68510 was performed by 

running the amplification products obtained from real-time RT-PCR of At1g68510 gene in 12-d 

old seedlings. The primers were designed specifically for At1g68510 gene. Elongation factor 1 

alpha gene was used as a control in the experiment. The transcript of At1g68510 was not obvious 

in wildtype whereas transcript of At1g68510 was slightly higher in NRA 25. The abundance of 

transcript was obvious in FAAH OE 2 and At1g68510 OE lines. Note: 0: Wildtype; 1: FAAH 

OE 2; 2: NRA 25; 3: cAt1g68510 OE2; 4:At1g68510 OE2; 5:At1g68510-GFP OE2 and 6: GFP-

At1g68510 OE3  
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Figure 11 Localization of GFP-At1g68510 protein in Arabidopsis. Representative images of 14-d 

old Arabidopsis leaves obtained by confocal fluorescence microscopy. GFP-At1g68510 and 

At1g68510-GFP refers to the transgenic Arabidopsis lines with the GFP fusion at the N and C 

termini, respectively. Chlorophyll fluorescence showing chloroplast is in red, GFP fluorescence 

reporting GFP-At1g68510 is in green and DAPI fluorescence is in blue. The images shows that 

fusion proteins expressed are localized exclusively in the nucleus. Scale bar represents 5 

microns.  



49 
 

 

Figure 12 At1g68510 overexpressing lines are tolerant to exogenous NAE 12:0. The effect of 

NAE 12:0 were assessed in wildtype, NRA 25, FAAH OE 2 and At1g68510 overexpressing 

lines. Seedlings of Arabidopsis were exposed to exogenous NAE 12:0 (30 µM) and compared 

with DMSO (solvent control) in MS solid medium. Data analyzed are of 11-d old seedlings, 

images were captured and the primary root lengths were analyzed using the software Image J.  

Bars represent the mean and standard deviation of at least 12 and 20 individual seedlings for 

solvent control and NAE treatment respectively. Different letters show significant difference at 

P<0.05, based on one-way ANOVA with Tukey’s post-test.  
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Figure 13 NRA 25 mutant and At1g68510 OE lines exhibits tolerance to exogenous NAE 12:0. 

The effect of NAE 12:0 were assessed in wildtype, NRA 25, At1g68510 OE lines and FAAH OE 

2. Seedlings of Arabidopsis were exposed to exogenous NAE 12:0 (30 µM) and compared with 

DMSO (solvent control) in MS solid medium. The primary root length was determined for 9-d 

plants treated with DMSO and 13-d plants treated with NAE. Note that NRA 25 line and 

At1g68510 OE lines exhibited less sensitivity to NAE 12:0 when compared with the wildtype. 

Scale bar represents 10 mm.   
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Figure 14 At1g68510 overexpressing lines are tolerant to exogenous NAE 12:0. The effect of 

NAE 12:0 were assessed in At1g68510 overexpressing lines and compared with wildtype, NRA 

25 and FAAH OE 2. A, Arabidopsis seedlings exposed to exogenous NAE were also assessed 

for cotyledon development. Images captured and data analyzed are of 15-d old seedlings. 

Seedlings of Arabidopsis were exposed to exogenous NAE 12:0 (30 µM) and compared with 

DMSO (solvent control) in MS solid medium. A, Images of 12-d old seedlings were captured 
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and cotyledon area was analyzed using the software Image J. B, Bars represent the mean and 

standard deviation of each cotyledon from 10 individual seedlings. Different letters show 

significant difference at P<0.05, based on one-way ANOVA with Tukey’s post-test.  
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Figure 15 Effect of NAE 12:0 on the root tip morphology and root hair growth. Arabidopsis 

seedlings were grown in MS liquid medium containing the DMSO solvent only (A) or 30 µM 

NAE 12:0 (B). Fifteen days old Arabidopsis seedlings were mounted on slides for the 

observation of root tip and root hair morphology. Representative images of seedlings were 

acquired using the bright- field of Nikon Optiphot microscope. The images (B) show that NRA 

25 and At1g68510 OE lines are less affected by NAE 12:0. At 30 µM NAE concentration, 

wildtype displayed swelling on the root tip region. The primary roots of the wildtype were also 

completely devoid of root hairs whereas NRA 25 and At1g68510 OE lines exhibited less 

sensitivity to NAE with little or no swelling and elaboration of root hairs. 
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Figure 16 At1g68510 overexpressing lines are insensitive to ABA. Effect of 0.1 µM ABA on the 

emergence of radicle at 2 d. Values represents the means and the SE of three replicate 

experiments with each experiment consisting of at least 24 individuals. Different letters show 

significant difference at P<0.05, based on one-way ANOVA with Tukey’s post-test.  
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Discussion 

           To identify a molecular component associated with a NAE signaling pathway and 

elucidate the function of NAE 12:0 in modulating growth and development, a forward genetic 

screen was implemented in Arabidopsis. Using the activation tagging method, I discovered a 

dominant gain-of-function mutant resistant to NAE 12:0 and named it NRA 25 (Table 1; Figure 

7). Genetic analysis of NRA 25 showed a link between the T-DNA insertion and the NAE 

resistant phenotype (Figure 3). Analysis of the T-DNA insertion mutant identified higher 

transcript levels of At1g68510 in NRA 25 than wildtype thereby causing the NAE resistant 

phenotype (Figures 4, 5, 6). At1g68510 is a previously uncharacterized gene belonging to the 

plant-specific lateral organ boundary domain family (Shuai et al., 2002; 

https://www.arabidopsis.org/).   NAE 12:0 negatively affects seedling growth by altering 

the root tip morphology, inhibiting the primary root length, root hair formation and cotyledon 

area (Blancaflor et al., 2003; Motes et al., 2005; Wang et al., 2006). The original tagged line 

(NRA 25) and four At1g68510 OE lines selected for study exhibited significant NAE resistant 

phenotypes relative for wildtype in all of the growth parameters described above when grown at 

NAE 12:0 (Figures 1, 7, 8, 9, 12, 13,14 and 15). Thus it is clear that overexpression of 

At1g68510 is causing the NAE resistant phenotypes. Presently, no other gene/mutant involved in 

any aspect of NAE signaling pathway in plants has been characterized genetically and 

morphologically using activation tagging method or by means of forward genetics (Kilaru et al., 

2007; Kim et al., 2010; Blancaflor et al., 2014).      

It is imperative to comprehend that the magnitude of NAE resistance varied with the 

levels of At1g68510 transcript abundance in NRA 25 and At1g68510 OE lines. NRA 25  

exhibited highly pronounced NAE resistant phenotype  in terms of primary root length (Figures 7 

https://www.arabidopsis.org/
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and 9) while At1g68510 OE revealed significant resistant phenotype in terms of cotyledon 

expansion, leaf formation and overall shoot morphology and primary root length when compared 

with wildtype (Figures 12, 13, 14 and 15). The variations of NAE resistant phenotypes observed 

in NRA 25 and At1g68510 OE lines could be explained by the differences in transcript levels of 

At1g68510 gene in NRA 25 and At1g68510 OE lines or could be related to differences in 

position of enhancers in NRA 25 and At1g68510 OE lines rather than absolute amounts of 

transcription (Figures 5 and 10). Consistent with other members of lateral organ boundary 

domain family, the localization of At1g68510 is nuclear (Figure 11; Iwakawa et al., 2002; Kim 

and Kim 2012) and likely functions as a transcription factor. The pleiotropic effects of 

transcription factors could explain some of the abnormal morphologies of some of the 

At1g68510 OE lines when grown in the presence of NAE, however, the general, overall 

morphology of At1g68510 OE lines selected for the study did not reveal any apparent abnormal 

phenotypes when grown without NAE (solvent control) (Figures 12, 13,14 and 15). 

Due to the unavailability of At1g68510 KO lines in public resource, the loss-of-function 

of At1g68510 was not investigated in this study. In future, use of At1g68510 KO or RNAi 

silenced line could provide valuable insights onto the functions of LBD 42 and NAE. The loss-

of-function of At1g68510 may not necessarily yield a phenotype highly-sensitive to exogenous 

NAE than wildtype but will be helpful for further studies of LBD 42 function. For instance, 

knock out lines of FAAH 1 gene in Arabidopsis did not differ very significantly than wildtype in 

terms of phenotype when subjected to exogenous NAE 12:0 treatment (Wang et al., 2006) but 

turned out to be an extremely valuable resource for understanding the FAAH and LOX mediated 

NAE metabolism (Wang et al., 2006; Kilaru et al., 2011; Keereetaweep et al., 2013; 

Keereetaweep et al., 2015), and to understand the interactions of NAE and ABA in seedling 
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establishment (Teaster et al. 2007; Kim et al., 2009; Keereetaweep et al., 2013; Keereetaweep et 

al., 2015).   

The precise mechanism by which LBD 42 mediates NAE resistance remains to be 

identified. Based on the experimental results, a potential model (Figure 17) has been proposed 

for LOB 42 meditated tolerance to NAE 12:0 and ABA. It is evident that overexpression of LBD 

42 leads to NAE 12:0 and ABA resistant phenotype suggesting that LBD 42 could be negatively 

regulating the proteins involved in NAE and ABA response. And, that may be the reason why 

NRA 25 and LBD 42 overexpressing lines are resistant to NAE and ABA. If that is the case, then 

the mechanism by which LBD 42 mediates the repression of target proteins (NAE and ABA 

response proteins) in the nucleus could occur by at least three (see Model in Figure 17) different 

transcriptional mechanisms: (a) by directly interacting with transcription factors, thereby 

blocking the DNA binding site and inhibiting the NAE/ABA mediated transcriptional activity; 

(b) by recruiting the corepressors and repressing the transcription factors; (c) binding with the 

coactivator to transcribe the repressor of NAE/ABA response genes.  

It is also possible that an elevated level of NAE and ABA represses LBD 42 activity. 

And, that may be the reason why higher LBD 42 transcripts were observed in FAAH OE line 

(Figure 10); as FAAH is able to metabolize endogenous NAEs (Wang et al., 2006). On the other 

hand, the transcripts of FAAH 1 gene was not elevated in NRA 25 and At1g68510 OE lines 

(Appendix C) indicating that the levels of NAEs metabolized by the activity FAAH1 is similar to 

that of wildtype in At1g68510 transcript elevated lines.  

In plants, the members of lateral organ boundary domain family are associated with 

diverse functions ranging from embryogenesis to flower development, or from nitrate 

metabolism to hormonal responses such as auxin and gibberellin (Majer and Hochholdinger 
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2011). Husbands et al., (2007) and Lee et al., (2014) identified that LOB can bind to a specific 

DNA motif in Arabidopsis, and mediate these biological effects. It is possible that LBD 42 

normally could bind with the DNA motifs and activate the transcription of a repressor proteins 

involved in NAE/ABA response (Figure 17 A). Or there are instances where transcription factors  

depend on specific cofactors (Glass and Resenfeld 2000), in which case, perhaps LBD 42 is 

controlling an unknown transcription factor that may normally repress NAE/ABA responsive 

genes (Figure 17 B). The likelihood that LBD 42 may be recruiting a coactivator to transcribe the 

repressor/s of NAE/ABA response genes should not be ruled out (Figure 17 C). Identification of 

specific DNA binding site/s of LBD 42 or potential interactors will pave the way to understand 

the mechanism by which LBD 42 mediates NAE/ABA tolerance.   

Another interesting aspect of NAE metabolism in Arabidopsis seedlings is its ability to 

interact with the targets of ABA (Teaster et al., 2007, Cotter et al., 2011, Chapman and 

Blancaflor, 2010, Blancaflor et al., 2014; Keereetaweep et al. 2015). Consistent with the 

expression levels of At1g68510 gene, both NRA 25 and LBD 42 OE seedlings were tolerant to 

ABA during the radicle emergence stage, but did not display significant ABA resistant 

phenotypes in adult plants. Thus it suggests that LBD 42 affects component/s of ABA involved 

during the seedling establishment stage. Several key components of ABA pathways which may 

be ABI3 dependent and ABI3-independent, are found to be associated with NAE mediated 

seedling growth inhibition (Teaster et al., 2007, Cotter et al., 2011, Chapman and Blancaflor, 

2010, Keereetaweep et al. (2015). Transcript analysis of ABI3 in NRA 25 and LBD 42 OE lines 

from both NAE and DMSO treated of 12 day seedlings revealed that LBD 42 is modulating NAE 

response via ABI-3 independent pathway (Appendix C) thereby suggesting future investigations 

from different timeframe or from other subsets of ABA signaling.    
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Other LBD proteins have been suggested to interact with ABA signaling. In an abstract 

submitted for 22nd International Conference on Arabidopsis Research, Cho and Kim (2011) 

reported the reduction of LBD 37, LBD 38 and LBD 39 transcripts by ABA. Furthermore, double 

mutants of lbd 37, lbd 39 and triple mutants of lbd 37, lbd 38 and lbd 39 were hypersensitive to 

ABA response in terms of radicle emergence and cotyledon expansion. While the double mutant 

of lbd 37 lbd 38 and lbd 38 lbd 39 showed weak sensitivity to ABA. These findings are 

appealing because LBD 42 also belongs to Class II LOB family as LBD 37, LBD 38 and LBD 

39 (Shuai et al., 2002; Majer and Hochholdinger 2011), and may be consistent with LBD 42 

signaling impinging ABA accumulation and/or signaling. 

It appears that At1g68510 over-expression mediates tolerance to both ABA and NAE in 

seedlings, a mechanism independent of FAAH in which its overexpression leads to NAE 

resistance but hypersensitivity to ABA (Kim et al. 2009). Identification of interacting partner/s 

and DNA binding motif of LOB42 with detailed investigation on the expression of LOB 42, 

FAAH and  ABA responsive genes using ABA mutants, LOB 42 OE, FAAH OE, FAAH KO 

lines and wildtype may provide clues  to understand the molecular association between ABA 

signaling and NAE 12:0 metabolism.   

Using an unbiased genetic approach I have identified At1g68510 gene, a molecular 

component responsive to both NAE metabolism and ABA signaling. I also identified that 

At1g68510 is nuclear localized and is a negative regulator of ABA and NAE response. Further, 

my findings will expand our understanding on NAE metabolism in modulating growth and 

development in plants and that LOB 42 may serve as an essential instrument to manipulate 

physiological process relevant to plant growth and abiotic stress.   
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Figure 17 Proposed model for LOB 42 mediated tolerance to NAE and ABA. It is speculated that 

LOB 42 negatively regulates the NAE and ABA response by repressing the proteins involved in 

NAE and ABA response. As a result, plants overexpressing LOB 42 are tolerant to NAE and 

ABA. Possibility exists for elevated levels of NAE and ABA to repress LOB 42 activity. The 

LOB 42-mediated repression of target transcription factors could occur by at least three different 

transcriptional mechanisms: (a) by directly interacting with surface of transcription factor, 

thereby blocking the DNA binding site and inhibit the NAE/ABA mediated transcriptional 

activity; (b) actively repress the transcription factors by recruiting the corepressors; (c) binding 

with the coactivator to transcribe the repressor of NAE/ABA response genes. Note: NR: nuclear 

receptor; TF: transcription factors/machineries; Act: coactivator; Rep: corepressor 
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APPENDIX A 

GENETIC ANALYSIS OF NRA 11 
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Figure A1 NAE tolerance and T-DNA insertion linkage. The F2 seedlings (NRA 11 x WT male 

2.1.x) obtained from backcrossing NRA 11 parent mutant to wildtype was compared with the 

wildtype and NRA 11 at 30 µM NAE 12:0. The assessment was done at 12-d using the root 

length phenotype. The cutoff value to distinguish the wildtype and the NRA 11 root length 

phenotype was 3 mm at 30 µM NAE 12:0. The X axis in the figures refers to the number of 

plants studied. The seedlings were scored for BASTA survivability after 12 days for at least 40 

seedlings. Bar graph in the bottom right panel exhibits the survivability (%) of Arabidopsis 

seedlings grown in BASTA (7.5 mg/mL). Notice, the survivability of wildtype is 0% whereas the 

survivability of NRA 11 parent and the F2 progeny of the NRA 11 backcrossed line to wildtype 

is about 75%.   
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Figure A2 Genetic analysis of T-DNA insertion and NAE tolerance. Evaluation of F2 progeny 

obtained from the cross involving NRA11 parent line to wildtype fits the 3:1 ratio tested for 

BASTA resistant to sensitive(χ2=0.012) indicating the presence of one T-DNA insert in NRA11. 

Linkage between T-DNA insert and NAE resistance phenotype was also evaluated for 

segregating F2 progenies reconstituted from crossing NRA 11 to wildtype. The F3 progenies 

subjected to NAE treatment did not co-segregate as predicted i.e. 3:1 NAE tolerant to sensitive. 

The segregation pattern obtained i.e. 8:1 indicates a weak link between T-DNA insertion and 

NAE resistance phenotype and also corroborates by the Chi square goodness of fit test with 

χ2=>3.86.  
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APPENDIX B 

GENETIC ANALYSIS OF NRA 27 AND IDENTIFICATION OF ACTIVATION TAG 

LOCUS 
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Figure B1 NAE tolerance and T-DNA insertion linkage. The F2 seedlings (NRA 27 x WT male 

2.1.x) obtained from backcrossing NRA 27 parent mutant to wildtype was compared with the 

wildtype and NRA 27 at 30 µM NAE 12:0. The assessment was done at 12-d using the root 

length phenotype. The cutoff value to distinguish the wildtype and the NRA 27 root length 

phenotype was 3 mm at 30 µM NAE 12:0. The X axis in the figures refers to the number of 

plants studied. The seedlings were scored for BASTA survivability after 12 days for at least 40 

seedlings. Bar graph in the bottom right panel exhibits the survivability (%) of Arabidopsis 

seedlings grown in BASTA (7.5 mg/mL). Notice, the survivability of wildtype is 0% whereas the 

survivability of NRA 27 parent is about 70% and 80% for the F2 progeny of the NRA 11 

backcrossed line to wildtype.  
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Figure B2 Genetic analysis of T-DNA insertion and NAE tolerance. Evaluation of F2 progeny 

obtained from the cross involving NRA 27 parent line to wildtype fits the 3:1 ratio tested for 

BASTA resistant to sensitive(χ2=0.75) indicating the presence of one T-DNA insert in NRA27. 

Linkage between T-DNA insert and NAE resistance phenotype was evaluated for segregating F2 

progeny reconstituted from cross. The segregation pattern obtained indicates a weak link 

between T-DNA insertion and NAE resistant phenotype. The assumption accepted also 

corroborates with the Chi square goodness of fit test with χ2=>3.86.  

 

 

 



80 
 

                         

 Figure B3 Schematic diagram of T-DNA insertion site of NRA 27 mutant. The T-DNA insertion 

site as shown by the red arrow was determined by sequencing the rescued plasmid DNA using 

the left border (LB) primer (see arrowhead). Sequence analysis reveals the location of T-DNA at 

-1093 bp upstream from the coding sequence of At2g37410 and -245 upstream from the coding 

sequence of At2g37420.  
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APPENDIX C 

EXPRESSION OF FAAH AND ABI3 GENE IN 12-D OLD Arabidopsis PLANTS. 
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Figure C1 Expression of AtFAAH 1 and ABI3 gene in 12-d old Arabidopsis plants. A, AtFAAH 1 

and ABI3 transcript levels were quantified in 12 d old seedlings by quantitative real-time RT-

PCR. The seedlings were grown in the DMSO solvent only or in the presence of NAE 12:0 (30 

µM). The primers were designed specifically for AtFAAH 1 and ABI3 gene. Elongation factor 1 

alpha was used to normalize AtFAAH 1 and ABI3 transcript levels and plotted relative to 

transcript levels in wildtype. The transcript level of AtFAAH 1 and ABI3 was observed higher in 

FAAH OE line than in wildtype and At1g68510 OE lines. Data points are from an average of 

one biological replicates each containing three technical replicates. B, Semi-quantitative reverse 

transcriptase-polymerase chain reaction analysis of AtFAAH 1 and ABI3 was performed by 

running the amplification products obtained from quantitative real-time RT-PCR of At1g68510 

gene in 12-d old seedlings. Elongation factor 1 alpha gene was used as a control in the 

experiment. Similarly, the abundance of At FAAH 1 gene transcript was obvious in FAAH OE 2 

line. Note: 1: Wildtype; 2: FAAH OE 2; 3: NRA 25; 4: cAt1g68510 OE2; 5:At1g68510 OE2; 

6:At1g68510-GFP OE2 and 7: GFP-At1g68510 OE3  
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APPENDIX D 

EXPRESSION OF Arabidopsis FATTY ACID AMIDE HYDROLASE (FAAH) IN 

TRANSGENIC COTTON (Gossypium hirsutum L., cv. COKER 312) 
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Rationale 

Cotton (Gossypium hirsutum L.) is an important source of fiber, edible oil, and animal 

feed. In the year 2013-2014, 32.7 million hectares were devoted to cotton production worldwide 

of which 3.05 million hectare were grown in the United States (FAS, USDA). Genetic 

improvement to enhance cotton productivity is of prime importance and is a target for future 

advances in cotton biotechnology. Since abiotic stresses such as water deficit, temperature 

extremes and salinity is a global problem that limits the crop production for more than 50% 

worldwide (Boyer, 1982), strategies that promotes tolerance to the abiotic stress may prove to be 

successful in the overall enhancement of productivity in cotton.   

N-Acylethanolamines (NAEs) are naturally occurring fatty acids amide in plants and 

animals. In the dried seeds of cotton the total long chain, saturated and unsaturated NAE content 

is in the parts-per million range (1,608± ng g-1 fresh weight), and these bioactive lipids are 

rapidly metabolized upon imbibition and seedling establishment (Chapman et al., 1999). In 

Arabidopsis, the catabolism of NAEs into free fatty acid was shown to be important for normal 

seedling development since NAEs appear to interact with absiscic acid (ABA) to negatively 

regulate seedling growth (Teaster et al., 2007; Chapman and Blancaflor, 2010; Cotter et al., 

2011; Blancaflor et al., 2014; Keereetaweep et al., 2015).  More specifically, growing seedlings 

in elevated levels of NAEs interfered with normal cell expansion in root cells (Blancaflor et al, 

2003; Motes et al., 2005). Fatty acid amide hydrolase (FAAH) is responsible for catabolism of 

NAEs to free fatty acid and ethanolamine. Wang et al., (2006) developed transgenic Arabidopsis 

lines overexpressing FAAH. In comparison to the wildtype the FAAH overexpressed plants 

exhibited an accelerated growth phenotype, and the seedling organs developed more rapidly and 

expanded to a larger size. However, FAAH overexpressing lines had compromised resistance to 
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various host and non-host bacterial pathogens (Kang et al., 2008), exhibited enhanced sensitivity 

to ABA (Teaster et al., 2007; Blancaflor et al., 2014) and flowered early under both short and 

long day conditions (Teaster et al., 2012). The FAAH mediated sensitivity to ABA and pathogen 

is independent of its catalytic activity, the precise mechanism is yet to be understood (Kim et al., 

2009). It is postulated that FAAH could exert bifurcating function in Arabidopsis plants thus 

yielding diverse phenotype when overexpressed (Blancaflor et al., 2014). In cotton the molecular 

machineries may not completely recognize AtFAAH and render different phenotype in response 

to abiotic and biotic stress. Therefore, the objective of this study is to ectopically overexpress 

FAAH in cotton and assess the impact of FAAH on overall plant growth under different 

environmental conditions.    
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Results 

 

Source: http://www.cambia.org 

Figure D1 General description of vectors used in the study. The binary vector pCAMBIA 1390 

were obtained from The Samuel Roberts Noble Foundation Inc.  which contained AtFAAH only 

and  AtFAAH fused with N and C-terminal GFP. The vectors were transformed into 

Agrobacterium tumefaciens LBA 4404 by electroporation using the Gene Pulser XcellTM 

(BioRad). The conditions used for the electroporation were 260 Voltage, the capacitance of 850 

uf and the resistance of 200 Ω. 
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Figure D2 Initiation of embryogenic cell lines. The tissue culture and plant transformation 

method used are adapted from the methods of Leelavati et al., (2004) and Rathore et al., (2006) 

with several modifications: A. Somatic Embryogenic Cell suspension cultures (SECs) were 

initiated from the callus generated from seedling explant tissues (Fig. D2 A). B. The SECs were 

propagated in 12 well plates containing about 3 mL Murashige and Skoog Medium (MSM) 

liquid/well and incubated at 30oC, 16 hr light/8 dark cycle and placed on gyratory shaker at 110 

rpm (Fig. D2 B). The SECs were subcultured to fresh MSM liquid media every 18-22 days. 

Fresh embryogenic cells (8-10 d after transfer to new medium) were harvested and used as 

explants for Agrobacterium-mediated plant transformation.  
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Figure D3 Transformation, somatic embryogenesis and plant regeneration. AtFAAH inserts (as 

described previously) were transformed into cotton SEC lines using Agrobacterium-mediated 

plant transformation. A. Transformation was conducted by co-culturing SECs with 

Agrobacterium. Transformed cells were kept in the dark in MSM solid plates. After two days the 

co-cultures were transferred to MSM plates containing 400 μg/mL carbencillin and 10 μg/mL 

hygromycin for elimination of A.tumefaciens cells and selection of transgenic lines. B. The 

differentiating embryos were collected and transferred onto fresh MSM medium containing 

carbenicillin and hygromycin. C. At the later stage of the development the differentiating 

plantlets (3-7 leaflets) were transferred into Magenta boxes for further growth. D. The plantlets 

were transferred into the soil, hardened until new leaves emerged and transferred to the green 

house (E) for plant growth and production of seed. Scale bar represents 2 mm for A, B and C 

while 5 mm for D. 
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Figure D4 Localization of AtFAAH-GFP in cotton. Representative images of transgenic cotton 

leaves obtained by confocal fluorescence microscopy. The emission wavelength used for 

chlorophyll and GFP was 692 and 520 nm respectively and exposed for 0.4 seconds. Images 

were obtained using a Zeiss 200M optical microscope coupled with a LSU-10 Yokogawa 

confocal scanner (McBain Instruments) and the images were captured using a Hamamatsu 

camera (Phoenix, AZ). Chlorophyll fluorescence showing chloroplasts is in red (A, B, C and D) 

and GFP fluorescence reporting AtFAAH-GFP fusion protein is in green (B and D) while the 

control leaves are in panel (A and C). The (B) panel suggests that FAAH is localized to the 

plasma membranes and the endomembrane system consistent with the location of this protein in 

Arabidopsis cells (Kim et al., 2010). Scale bar represents 10 microns. 
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Figure D5 PCR verification of AtFAAH cDNA in the leaves of transgenic plants. The primary 

transgenic lines obtained were subjected to PCR verifications for AtFAAH1 gene. Genomic 

DNA of AtFAAH1 OE lines and wildtype Coker was isolated using DNAzol (Invitrogen, 

Carlsbad), following the manufacturer’s suggested protocol. Amplification of AtFAAH1 was 

done using cDNAAtFAAH1 (F) (5’- CCCATGTTTAGACCGGAGTT -3’) and (R) (5’-TCCAG- 

AGATGAAGCAAGTGG -3’). PCR verified T1 transgenic plants were transferred to the green- 

house to produce T2 seeds. Representative gel pictures of FAAH OE 3 T2 lines. Lane 0 

represents: Coker while 1-8 are T2 lines from FAAH OE 3.  
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Figure D6 Representative radiochromatograms, exhibiting NAE amidohydrolase activity from 

transgenic cotton overexpressing AtFAAH. To confirm whether AtFAAH is functional in 

transgenic cotton, FAAH assay was conducted by determining the NAE amidohydrolase activity. 

The NAE amidohydrolase activity of FAAH was conducted as described in (Kim et al., 2009; 

Shrestha et al., 2002) with little modifications. The reactions were preceded at 30°C in 150 μl of 

BTP buffer (50 mm BisTris propane-HCl, pH 9.0) and subjected to shaker at 120 rpm. After 30 

min, the enzymatic reactions were terminated by adding hot isopropyl alcohol (70oC). The lipids 

were extracted, separated by TLC (60:40:5; v/v/v) and the activity of the radiolabeled NAEs with 

its corresponding FFAs were determined by radiometric scanning of the TLC plates. Enhanced 

NAE amidohydrolase was observed in both saturated 14:0 and unsaturated 18:2 NAE for FAAH 

OE 3.  
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Table D1 Oil and protein content in T2 seeds of cotton overexpressing AtFAAH using Time-

Domain Nuclear Magnetic Resonance (T-D NMR).   

Number Sample 

ID/Transgenic line 

Seed  

Mass(g) 

Protein 

(%) 

Oil 

(%) 

1 Coker 312_1 3 22.3 22.85 

2 Coker 312_2 3 23.5 21.76 

3 Coker 312_3 3 22.5 23.1 

4 Coker 312_4 3 23.5 22.15 

 Avg. Coker 312  22.9 22.5 

5 FAAH1_1 3 20.85 24.9 

6 FAAH1_4 3 24.6 21.1 

7 FAAH1_5 3 20.9 24.9 

8 FAAH1_9 3 23.1 23.3 

 Avg. FAAH1_X  22.4 23.6 

9 FAAH2_1 3 22.8 20.6 

10 FAAH2_2 3 23.3 20.75 

11 FAAH2_3 3 23.5 18.6 

12 FAAH2_4 3 22.65 22.65 

 Avg. FAAH2_X  23.1 20.7 

13 FAAH3_2 3 23.3 18.67 

14 FAAH3_4 3 22.2 21.8 

15 FAAH3_7 3 22.8 21.8 

16 FAAH3_8 3 23.8 22.5 

 Avg. FAAH3_X  23.0 21.2 

17 FAAH5_1 3 21.7 17.7 

 Avg. FAAH5_X  21.7 17.7 

18 G-FAAH1_3 3 22.25 22.2 

19 G-FAAH1_4 3 23.8 22 

20 G-FAAH1_7 3 22.1 21 

21 G-FAAH1_9 3 21.9 21.85 

 Avg. G-FAAH1_X  22.5 21.8 

The T2 seeds produced from AtFAAH OE lines (T1) that showed transgenic element in the 

polymerase chain reaction (PCR) and Coker 312 seeds were subjected to quantification of 

protein and oil using T-D NMR. The protein and oil reserve in transgenic seeds lines did not 

differ significantly (Table 1) as its parental line i.e. wildtype Coker 312 suggesting that AtFAAH 

overexpression did not alter oil and protein reserves.  
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Figure D8 Effects of AtFAAH overexpression on seed and fiber mass in transgenic cotton.  The 

PCR positive T2 transgenic lines were subjected to pilot study for seed/fiber mass analysis and 

compared with Coker 312. Overall seed mass/plant and fiber mass/plant did not differ 

significantly than wildtype except for few instances while, no significant difference was 

observed in seed mass of 100 seeds, suggest the likelihood of AtFAAH overexpression is not 

affecting the seed and fiber mass related phenotypes. The Student’s t test was done to determine 

the significant difference versus wildtype and single asterisks indicates a P value of <0.05 

whereas double asterisks denotes a P value of <0.01. Note: Number of plants studied was four 

except for FAAH 5 which was one; therefore T-test was not conducted with this line.  
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Conclusion 

I have generated transgenic cotton plants by Agrobacterium mediated transformation of 

embryogenic cell lines, and overexpressed the Arabidopsis FAAH enzyme. Transgenic plants 

harboring the AtFAAH protein were identified by selection on hygromycin, PCR amplification 

of the transgenes, by confocal fluorescence microscopy of GFP-fusion proteins in the leaves of 

transgenic plants and by NAE amidohydrolase activity. Results indicate that localization of 

AtFAAH and its ability to hydrolyze NAE 14:0 and 18:2 is similar to that of Arabidopsis, 

suggesting that AtFAAH is functional in cotton. Overall, no phenotypic alteration were observed 

in transgenic cotton overexpressing AtFAAH suggesting that these lines will provide great 

opportunity to assess growth related to biotic and abiotic stress and link the potential role of 

FAAH mediated modulation of NAEs in cotton plants. Further theses lines will be subjected to 

drought, cold and heat stress.    
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