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Abstract 

When under environmental stresses such as pathogen attack, plant mitochondria initiate 

a signaling pathway, called mitochondrial retrograde regulation (MRR), to alter nuclear gene 

expression in order to help the plant survive the stress (4). The Rhoads Lab identified an Arabidopsis 

thaliana (Arabidopsis) gene (AtSg40690, which may encode an A TP synthase assembly protein) that 

is strongly increased in expression by MRR and during plant stresses. This project was focused on 

the development of constitutive expressor (CE) lines of AtSg40690. Only one CE line was generated 

due to low transformation rates, which might indicate lethality. It is possible that transformants 

might induce a change in another protein, causing variegation in plants. Using classical molecular 

biology and microbial genetics techniques, the research group plans to verify the expression patterns 

in the CE lines and knock out (KO) lines of AtSg40690 and test KO lines and other A TP synthase 

assembly protein (AAP) gene over-expressor lines to determine if these genes playa role in MRR 

and in stress responses in plants. 



Introduction 

Since most plants are immobile, they must protect themselves from environmental 

stresses such as heat, drought, and pathogen attack. Plants regulate expression of proteins that 

help them cope with stress. For example, during heat stress, small heat shock proteins are 

produced in order to hold proteins to prevent denaturing (I). 

In a previous project done in the Rhoads Lab, microarray experiments were conducted in 

order to find genes that were highly expressed during inhibition of respiration, which often 

occurs during stress. These genes were targeted by mitochondrial retrograde regulation (MRR). 

Normally, the nucleus regulates expression of proteins targeted to the mitochondria and other 

organelles. However, during environmental stress such as pathogen attack and heat stress, 

mitochondria will regulate gene expression in the nucleus (6). Although specific signaling 

pathways for MRR are still unclear (8), the Rhoads Lab identified several genes which encode 

proteins that are highly expressed under environmental stress and are targeted by MRR. 

This project is based upon the characterization of one of the genes identified through 

previous microarray experiments and which is known to be highly expressed under 

environmental stresses. The gene is called At5g40690. By analyzing the deduced amino acid 

sequence of At5g40690 against sequences from other organisms using basic local alignment 

search tool (BLAST; 2), this gene is most similar to a gene in yeast that encodes for an ATP 

synthase assembly protein (AAP). AAPs are involved in the assembly of the subunits to form 

functional A TP synthases in energy producing organelles such as the mitochondria and 

chloroplast. ATP synthases use ADP and inorganic phosphate to make A TP, the energy for 

cellular functions (I). Although AAPs have not been studied in plants, in yeast they are 
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localized in the mitochondria. Like heat shock proteins, we believe that AAPs found in plants 

contribute towards the stabilization of organelles within a cell during environmental stresses. If 

At5g40690 encodes for an AAP, this will be the first to be extensively studied in plants in 

relation to environmental stresses. In addition to the significance in plant biology, this research 

will be used to gain a better understanding of stress resistance in Arabidopsis and can be applied 

towards crops. In order to characterize the function of At5g40690, I developed putative 

constitutive expressor (CE) lines which will be stress tested in order to induce a change in gene 

expression. Northern blots will be used to quantify gene expression of At5g40690 in the CE, KO 

and wild type lines from tissue exposed to environmental stresses such as heat and pathogen 

attack, as well as specific mitochondrial inhibitors. 

Results 

Assembling the Constitutive Expressor Construct 

A cloning experiment for the insertion of At5g40690 was performed. The coding 

sequence (CDS) of At5g40690 was obtained as an insert in the pUNI51 vector (Fig. I). The high 

copy number plasmid was grown in E. coli, and plasmid DNA was purified. The plasmid DNA 

was digested with EcoRI and NcoI restriction enzymes (REs) and analyzed by agarose gel 

electrophoresis to ensure the correct construct was obtained. The CDS of At5g40690 was 

amplified by Polymerase Chain Reaction (PCR) using primers constructed with BamHI RE and 

NcoI RE sites within the primers (Fig. I). After PCR, the product was verified, purified, and 

ligated into a pBluescript KS (+) (PBS) plasmid containing the 35S promoter and a transcription 

terminator. After ligation, the recombinant plasmid was inserted into XLI-Blue E. coli cells via 

electroporation. The recombinant plasmid was isolated and digested using PstI restriction 

enzyme and verified using gel electrophoresis (Fig. I). Once verified, the 35S-At5g40690-
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tenninator containing fragment was extracted from the gel and purified. The purified insert was 

ligated into the dephosphorylated Pst! site of the plant transfonnation vector pPZP2 I I. The 

ligated product was transfonned into XLI-Blue E. coli cells, via electroporation. To detennine 

the colonies which produced the correct construct eight colonies were grown, plasmid DNA was 

isolated and digested with the Ncol and BamHI REs and analyzed by agarose gel 

electrophoresis. Out of eight colonies, two contained the recombinant plasmid (Fig. I). To 

detennine the orientation the 35S-At5g40690-terminator containing fragment, the constructs 

were digested with HindIII and EcoRV. One colony had the fragment in a reverse orientation 

and the other in the forward orientation (Fig. I). The plasmid with the fragment in the reverse 

orientation was chosen for transfonnation into Agrobacterium. 
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Figure 1. Flow Chart of Construction of the Plasmid to be inserted into Arabidopsis 
A clone in pUNI5l containing the coding sequence (CDS) of At5g40690 was obtained from the 
Arabidopsis Information Resource. Primers were designed and used to amplifY a 673 bp CDS. This 
segment was inserted into the pBSKS(+) vector with 35S promoter and terminator. The recombinant 
gene was inserted into the pPZP2ll plant transformation vector. Two colonies contained the correct 
insertion of the At5g40690 transgene. Although both contained the correct construct, each colony had the 
insert in a different orientation. The one with the "reverse" orientation was used to transform Arabidopsis 
plants. 
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Transformation into Arabidopsis Using Floral Dipping 

After the correct recombinant plasmid was verified in XLI-Blue cells, the construct was 

transformed into GV31 0 1 Agrobacterium cells via electroporation (5). The Agrobacterium cells 

were spread onto YEP agarose plates and single colonies were selected for the presence of the 

plasmid using streptomycin/spectinomycin (spec/strep) antibiotic selection. The colonies were 

grown and the plasmid DNA was purified and digested using Ncol and BamHI restriction 

enzymes. Agarose gel electrophoresis was performed to confirm the presence of the construct. 

The cells with the correct construct were grown in a rifamycin, gentamicin, spec/strep YEP broth 

in order to be used for the floral dip method of Arabidopsis transformation (3). Healthy 

Arabidopsis plants with mature, properly developed siliques were chosen for transformation to 

ensure that the female gametophytes to be transformed were developing properly. Several 

Arabidopsis plants with flowers around stage 12 were selected for transformation by the floral 

dipping method, and any flowers/siliques older than stage 12 were cut and discarded. After 

transformation, plants were allowed to fully mature, and seeds from siliques were collected (3). 

T1 seeds were sterilized (9) and individually placed onto agarose media containing kanamycin to 

select for kanamycin resistance (indicating the transformation with the T-DNA region of the 

plant transformation vector) and sealed using parafilm with slits for respiration. After 3 days in 

4°C and darkness, the plates were placed into a lighted growth chamber. 10 days after 

germination (DAG 10) the seedlings on the plates were "scored" or evaluated based upon 

sensitivity to kanamycin. Out of over 2,000 seeds plated only two T1 seedlings expressed 

kanamycin resistance, which is less than a 0.02% transformation rate. In hopes that the 

transformation rate was decreased by poor plant health, or for technical reasons, the 

transformation was repeated. A similar transformation rate was observed for the second attempt. 
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A third attempt using a higher concentration of Agrobacterium did not increase transformation 

rates. 

The kanamycin resistant seedlings (Tl s) were moved from plates and placed in soil in 

pots with plastic covers (sleeves) for self-fertilization. T2 seeds were collected and stored in 

screw cap tubes. 100-200 T2 seeds from each plant were individually placed onto agarose 

containing kanamycin and after 3 days of imbibition, the plates were moved to the growth 

chamber. At DAPI4 the plates were scored and classified based upon sensitivity to kanamycin. 

I was able to identify only one Tl plant (the originator of Arabidopsis line 5) that expressed a 

Mendelian inheritance pattern for kanamycin resistance (I homozygous dominant: 2 

heterozygous: 1 homozygous). This would be observed as a 75% survival to 25% kanamycin 

sensitivity proportion. I transplanted 92 seedlings from this plate into soil in pots. The second 

line showed a non-Mendelian inheritance pattern, indicating that the gene was not inserted at a 

single locus. Therefore, this line was not utilized further. The 92 T2 seedlings from line 5 were 

grown and harvested. T2 seedlings were plated and scored at DAG 1 O. Evaluating ratios of dead 

seedlings, heterozygous seedlings (those that variegation on cotyledons and/or true leaves), and 

homozygous seedlings (those that demonstrated complete resistance), only T3 lines that 

demonstrated 100% heterozygous or homozygous transgenic were selected for harvesting. There 

was an exception to this rule. While I began to plate T3 seedlings, I noticed interesting 

variegation patterns arising. A common phenotype was symmetrical patterning of 

photosynthetic spots on the chlorotic cotyledons. The plants with this phenotype produce poor 

root structures. Therefore it is difficult to transplant these plants into soil. However, one plant 

which was about half green and half white was growing at a rate identical to transgenic siblings 

(Fig. 2). The root structure of this plant (named 5-I3-A I 0) was suitable for transplanting and 
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nine of its siblings were transplanted into soil to compare growth rates. Flower development and 

silique formation of 5-l3-AlO will be observed in comparison to its siblings and seeds will be 

collected (Fig. 2). Although this line is not a homozygous transgenic line, it will be cataloged as 

having an interesting developmental phenotype that mayor may not be caused by trans gene 

expression. 

The plants that will be used for RNA extraction in future experiments will be lines that 

are identified as homozygous transformants. Unfortunately, I have only generated one CE line 

from this research, although I have plated tens of thousands of seeds. If I cannot identify two 

separate CE lines with a single insertion at a single locus this could be because the 

overexpression of At5g40690 can be lethal or highly detrimental. This would mean that only 

plants with silenced At5g40690 transgenes are those that are kanamycin resistant and survive 

screening, which would explain why transformation rates were so low. An alternative 

hypothesis for low transformation rates involves the disturbance of the helper plasmid in 

GV3101 Agrobacterium cells. If the helper plasmid is damaged, then the At5g40690 insert 

would have difficultly being transferred from the Agrobacteria into plants. This would explain 

the extremely low numbers of transformants. The best way to test this hypothesis would be to 

repeat the transformation into Arabidopsis using a different cell line of Agrobacterium. 
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Figure 2. T4 Plants from Arabidopsis transformation 
From the 5-13 line, plate A produced a heterozygous ratio. Although it does not contribute towards the 
identification of homozygous lines, an interesting phenotype was produced (B). The two plants were 
placed on plates and transplanted at the same time. In comparison to its homozygous transgenic 
phenotype (B), A expressed a symmetrical variegation until bolting, but still showed chlorotic sections 
which produced a stunted yet healthy looking plant. 

Material and Methods 

Plasmid purifications from E. coli were performed according to the standard mini prep kit 

protocols from Fermentas. RE digests of BamHI, NcoI, and Pst! and their respective buffers 

followed the protocols from Fermentas. RE digests using EcoRV from Promega were followed 

according to the manufacturer protocols. HindIII RE digests followed the standard protocols 

from New England Biolabs. Each RE digest was placed in a 37°C water bath for an hour and 

then lOX loading dye was added. Analysis of the samples through 0.8% agarose gel 

electrophoresis followed the protocols by Sambrook (7) using 7.5uL of MassRuler DNA Ladder 

(Fermentas #SM0403) .. Extraction of DNA fragments and purification of DNA followed the 
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protocols in the GENECLEAN II Kit by Qbiogene. DNA concentrations of samples were 

measured using NanoDrop protocols from Thermo Scientific. Ligations followed the protocols 

according to Roche Applied Science. Preparation of competent cells and electroporation 

protocols were from the MicroPulser Electroporation Apparatus Operating Instructions and 

Applications Guide by BioRad. Transformation success was verified through plasmid 

purifications, RE digests and 0.8% agarose gel electrophoresis (7). Dephosphorylation of the 

pPZP211 was performed according to Shrimp Alkaline Phosphatase (SAP) from Thermo 

ScientificlFermentas. Transformation into Agrobacterium was performed through the BioRad 

protocols. When isolating plasmid DNA from Agrobacterium, protocols from Qiagen Miniprep 

Spin Kits were used including the optional wash with the PB buffer. Arabidopsis transformation 

was through the floral method and seed sterilization were performed following the protocols of 

Clough et al. (3) and Zarkovic et al. (9), respectively. 

Conclusion 

At5g40690 was initially selected as a gene of interest because of its high expression 

under inhibition of respiration and other stress conditions, including oxidative stress and 

pathogen attack. Through BLAST it was determined that At5g40690 is most similar to yeast 

AAPs. If At5g40690 is an AAP, this would be the first AAP to be categorized in plants, and 

would provide a better understanding of stress responses in plants. In this project, I assembled 

the construct of At5g40690 under the control of a strong constitutive promoter which was 

inserted into Arabidopsis via an Agrobacterium floral method. I saw very low transformation 

rates (were <0.02%) and consistently observed this for three separate transformations. I was able 

to transplant two T1 seedlings into soil and harvested their seeds. One line (line 5) expressed a 

Mendelian inheritance pattern and has been identified as a potential CE line. 
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Although there is not much known about AAPs in plants, the construction of 

independent CE lines and the analysis of plants with At5g40690 constitutively high expression 

and plants lacking the gene (KO lines) should allow determination of the importance of the 

At5g40960 gene in plant resistance to stresses. If successful, the next step for would be to 

express similar genes in crops in order to increase resistance to environmental stresses. This 

would be accomplished in a manner similar to this project. Candidate genes would be selected 

using BLAST in order to find genes similar to At5g40690, and then CE lines and KO lines 

would be generated and validated. Finally, stress experiments using these lines would be used to 

determine if induced gene expression or lack of gene expression affects stress responses. 
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