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Figure 1

World Production and World Area Harvested for Peppers According to the Food and

Agriculture Organization of the United Nations

Note. World production of pepper is recorded in tonnes and is represented as the red
dotted line. World area harvested is recorded in hectares and is represented as the blue
dotted line.

The Capsicum genus belongs in the Solanaceae family which consists of several

important crops and model plants such as the potato, tomato, eggplant, and pepper

species (Mueller et. al., 2005). The main domesticated Capsicum species are C. annuum,

C. baccatum, C. chinense, C. frutescens, and C. pubescens (Wang & Bosland, 2006)

(Heiser & Pickersgill, 1969). All plants of the Capsicum genus produce capsaicinoids

with the exception of the bell pepper, Capsicum annuum. The major capsaicinoids

produced from this genus are capsaicin and dihydrocapsaicin with other analogs such as

nordihydrocapsaicin, homocapsaicin and more produced in lower amounts (Davis et. al.,

2007). Capsaicinoids can be found to be most concentrated in the placenta of the pepper

as this is the major site for capsaicinoid biosynthesis (Wang & Bosland, 2006) (Frias &
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Merighi, 2016). Capsaicin is the main active component in chili peppers and the

fundamental structure of it as its analogs are a branched-chain fatty acid amide of

vanillylamine. The synthesis of capsaicin evolved as a defensive mechanism for the

Capsicum genus to prevent insects or mammals from eating the plant since they eat the

plant and destroy the seeds in the process or prevent the seeds from being able to be

dispersed. Thereby when insects and mammals ingest Capsicum species, capsaicin will

bind to their TRPV1 receptors eliciting a burning sensation to deter these pests  (Jordt &

Julius, 2002). The active component of plants belonging in the Capsicum genus that give

them their spiciness is their capsaicinoid production. The actual synthesis of

capsaicinoids is done through two molecular pathways, the phenylpropanoid and the

branched chain fatty acid pathways (Davis et. al., 2007) (Zhang et al., 2016) There are

many important enzymes that are involved in the synthesis of these pathways but

characterization and regulation of the pathways are still being researched. 

Capsaicin Biosynthesis Pathways

The phenylpropanoid pathway starts with the precursor molecule phenylalanine,

which is converted to cinnamate through phenylalanine ammonia lyase (PAL). Cinnamate

is then turned into coumarate via cinnamate 4-hydroxylase (C4H) and coumarate is

turned into 4-coumaroyl-CoA through 4-coumaroyl-CoA ligase (4CL). 4-couramoyl-CoA

can be converted to Caffeoyl-CoA through hydroxycinnamoyl transferase (HCT) or

4-couramoyl-CoA can also be converted to 4-coumaroyle Shikimate/Quinate via

hydroxycinnamoyl transferase (HCT). Then 4-coumaroyle Shikimate/Quinate can interact

with the enzyme coumarate shikimate/quinate 3 hydroxylase (C3H) into caffeoyl
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shikimate/quinate which can be converted to caffeoyl-CoA through hydroxycinnamoyl

transferase again (HCT). Caffeoyl-CoA interacts with the cafferic

acid-3-O-methyltransferase (COMT) enzyme to yield ferulic acid. Ferulic acid is

converted to vanillin through the 3-hydroxyisobutyrl-CoA hydrolase (ECH). Finally,

vanillin is converted to vanillylamine through an aminotransferase (pAMT) to complete

the phenylpropanoid pathway (Wang & Bosland, 2016) (Zhang et. al., 2016) (Bennett &

Kirby, 1968) (Sukrasno & Yeoman, 1993). An overview of the phenylpropanoid pathway

can be seen better in figure 2 below showing the flow of molecules, structures of those

molecules, and important enzymes that participate in the reaction.

Figure 2

Phenylpropanoid Pathway

Note. Molecules of each reaction are indicated as bold text, structures of each molecule
are listed besides, enzymes that catalyze each step are listed inside the boxes beside each
arrow.
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The branched fatty acid pathway starts with pyruvate molecules being converted

to (S)-2-acetolactate by an acetolactate synthase regulatory subunit (ALS), then

(S)-2-acetolactate is converted to 2,3-dihydroxy-3-methylbutanoate by the ketol-acid

reductoisomerase (AHRI). 2,3-dihydroxy-3-methylbutanoate is converted into

α-ketoisovalerate by dihydroxy-acid dehydratase (DHAD), α-ketoisovalerate is converted

to L-valine through 2-oxoisovalerate dehydrogenase subunit alpha (BCKDH), and then

L-valine is converted back to α-ketoisovalerate through branched chain amino acid

transferase (BCAT). The α-ketoisovalerate molecule will turn into isobutyrl-CoA through

the 2-oxoisovalerate dehydrogenase subunit alpha (BCKHD). Isobutyrl-CoA, along with

malonyl CoA, will go into the fatty acid synthase for 3 rounds of elongation utilizing the

3-oxoacyl-ACP synthase (KAS), acyl carrier protein (ACL), and putative ketoacyle-ACP

reductase (CaKR1) enzymes. After 3 rounds, the product interacts with the enzyme acyl

carrier protein hydrolase (FatA) to make 8-methyl-6-nonenoic acid. 8-methyl-6-nonenoic

acid is converted 8-methylnonanoic acid via an acyl carrier protein desaturase and

8-methylnonanoic acid will be converted to 8-methyl-6-nonenoyl-CoA through a putative

aminotransferase (ACS) enzyme (Wang & Bosland, 2016) (Zhang et. al., 2016) (Bennett

& Kirby, 1968) (Suzuki et. al., 1981). An overview of the branched fatty acid pathway

can be seen better in figure 3 below showing the flow of molecules, structures of those

molecules, and important enzymes that participate in the reaction.
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Figure 3

Branched-Chain Fatty Acid Pathway

Note. Molecules of each reaction are indicated as bold text, structures of each molecule
are listed besides, enzymes that catalyze each step are listed inside the boxes beside each
arrow.
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The combination of these two pathways together through a coenzyme

A-dependent acyltransferase allows for the synthesis of capsaicin. The coenzyme

A-dependent acyltransferase was identified by Stewart et. al. which is encoded by the

AT3 gene, namely pungent gene 1 (pun1) as capsaicin synthase (CS) (Stewart et. al.,

2005). The entire phenylpropanoid pathway and branched-chain fatty acid pathway can

be seen below in figure 4.

Figure 4

Capsaicin Biosynthesis Pathway

Note. Bolded text indicates molecules that are synthesized or required for synthesis of
capsaicin. Molecular structures of molecules can be illustrated adjacently to the named
molecule. Enzymes that catalyze each step are listed inside the boxes.
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There are many important genes involved in capsaicin synthesis, however some

studies showed that specifically the pun1 gene is of high importance when it comes to

capsaicin accumulation. A study done by Ogawa et. al. , demonstrated that the pun1 gene

and its gene product is essential for capsaicin synthesis (Ogawa et. al., 2015). This study

looked at the expression levels of pAMT and pun1 in various pepper cultivars and found

that high expression of both pAMT and pun1 lead to high levels of capsaicin production.

Peppers that are pungent have high expression of both genes while non-pungent peppers

have low expression of both genes. However, on comparison of the accumulated levels of

vanillylamine (a precursor to capsaicin) and capsaicin itself, it was found that pungent

peppers have a low level of vanillylamine present while non-pungent peppers have a high

accumulation of vanillylamine. It appears that in non-pungent cultivars that have low

expression of pAMT and pun1 compared to pungent cultivars that have high expression of

both pAMT and pun1, the vanillylamine levels were five times higher in the non-pungent

cultivar than the pungent cultivar (Ogawa et. al., 2015). This correlation suggests that

although pun1 and pAMT both are important and expression of both are needed for

production of capsaicin, it is apparent that pun1 plays a more critical role in capsaicin

production as a high or low expression of pAMT will yield vanillylamine but high or low

expression of pun1 determines overall capsaicin production.

Capsaicin and Saccharomyces cerevisiae

This was an important discovery as it demonstrated the importance of the pun1

gene in capsaicin production and demonstrated more closely the role pAMT plays in the

pathway. As time has gone on, the capsaicin biosynthesis pathway has been refined and
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amended to include the most important genes interacting in the pathway and there is a

better understanding of the overall pathway given now than in previous years. Since

capsaicin is synthesized through a biochemical pathway, one way to increase capsaicin

production in a fast and affordable way would be to incorporate this pathway into an

organism that would have a faster growth rate and require less maintenance and cost to

grow it. With the high demand for peppers for their use in culinary and medicinal

applications, alternative methods for capsaicin production should be evaluated to reduce

costs and time. There are many expenses that go into large scale-pepper growing such as

land usage, volume of water used for irrigation, and the time it takes for peppers to grow.

There are a variety of additional considerations such as the specific seasonal conditions

that must be met or created for the peppers, nutrients, chemicals to ensure the peppers

safety or longevity, and the many hours needed for harvesting and processing the peppers

all equate to a large time and financial commitment. Therefore, to meet this demand,

alternative methods for capsaicin production should be evaluated that would save money

and time. Saccharomyces cerevisiae is a model organism as it has been widely studied, is

easily maintained, grows rapidly in a large quantity, has a sequenced genome and genetic

manipulation of this organism has been well established (Karathia et. al., 2011).

Incorporating the genes from the capsaicin biosynthesis pathway into yeast would allow

for capsaicin production if the precursor molecules in the pathway are readily available.

When looking over the phenylpropanoid and branched-chain fatty acid pathways,

it appeared that for yeast to synthesize capsaicin, we may only need to incorporate a few

genes if the correct precursor molecules are present. The reason for this is that some of

the genes in the branched-chain fatty acid pathway perform similar roles in converting
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pyruvate molecules to isobutyryl-CoA which then are used in the fatty acid synthase

cycle to create elongated branched-chained fatty acids (Dittrich et. al., 1998). Fatty acid

synthesis is the creation of fatty acids, which play an important role in the cell to create

phospholipids which surround organelles (Dittrich et. al., 1998) (Tehlivets et. al., 2007).

Yeast can utilize fatty acids for essential processes or as an energy source by first

converting fatty acids into a usable intermediate such as acyl-CoAs. This is achieved

through thioesterification of fatty acids with coenzyme A. Yeast can also utilize

exogenous fatty acids and these exogenous fatty acids are activated by one of five

acyl-CoA synthetases such as Faa1p, Faa2p, Faa3p, Faa4p, or Fat1p (Athenstaedt et. al.,

1999) (Johnson et. al., 1994). The elongation pathway in yeast utilizes enzymes that

would have similar function in the fatty acid synthesis section in the branched-chain fatty

acid pathway. These similarities in yeast to synthesize long chain fatty acids make yeast

an interesting organism to evaluate for capsaicin synthesis as it may already have some of

the machinery present for capsaicin synthesis. Although, this is only one of the two

pathways needed for capsaicin synthesis and the major gene that combines the two

pathways together would still be absent. However, because yeast can be easily genetically

modified, missing genes can always be incorporated and the more similarities that the

yeast have in common with the capsaicin pathway, the less genes would have to be

introduced.

In order to design yeast that can synthesize capsaicin, we first had to gain a better

understanding of what genes Saccharomyces cerevisiae may share with the capsaicin

biosynthesis pathway. To do this, we searched the literature and assembled the major

genes and products of the capsaicin biosynthesis pathway until we were able to piece
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together the most complete picture of the pathway. We then utilized the U.S. National

Library of Medicine’s Blast tools to compare similarities in the genes of the capsaicin

pathway against the Saccharomyces cerevisiae genome to evaluate if they share genes

that have similar functions (Johnson et. al., 2008). Since shape dictates function, the more

similar the sequence of the genes are to each other the more likely they may play similar

roles in their respective organisms. It appears that there may be more in common in

Saccharomyces cerevisiae with the branched-chain fatty acid pathway than the

phenylpropanoid pathway. In table 1 below, there is a list of genes from the capsaicin

biosynthesis pathway blasted against Saccharomyces cerevisiae along with some

statistical output generated from blast such as E value, total score, query coverage, and

identity scores of each of the genes. It can be seen that most of the genes listed in the

branched-chain fatty acid pathway have a similar identity to genes found in

Saccharomyces cerevisiae based on their small E values which is the number of expected

occurrences by random chance. This value measures similarity beyond randomness for a

sequence so the lower the score the more significant it is while the percent identity will

simply show the percent of exact characters matching.
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Table 1

Compiled Blast Results of Known Genes Involved in the Capsaicin Biosynthesis Pathway

Phenylpropanoid Pathway
Gene Organism E value Total Score Query Coverage Identity
PAL Capsicum annuum No significant similarity found
C4H Capsicum annuum 2e-08 59.3 29 % 29.41 %
4CL Capsicum annuum 5e-39 152 86 % 26.77 %
HCT Capsicum annuum 1e-05 50.1 65 % 23.18 %
C3H Capsicum annuum No significant similarity found

COMT Capsicum annuum No significant similarity found
ECH Capsicum annuum No significant similarity found
pAMT Capsicum annuum 2e-48 174 91 % 31.63 %
Pun1 Capsicum annuum No significant similarity found

Branched-Chain Fatty Acid Pathway
Gene Organism E value Total Score Query Coverage Identity
ALS Capsicum annuum 3e-20 180 72 % 27.42 %

AHRI Capsicum annuum 4e-38 212 63 % 32.17 %
DHAD Capsicum annuum 0 677 90 % 58.41 %
BCAT Capsicum annuum 5e-47 168 76 % 32.25 %

BCKDH Capsicum annuum 9e-66 214 89 % 37.76 %
KAS Capsicum annuum 5e-65 218 87 % 32.06 %
ACL Capsicum annuum 1e-33 226 71 % 39.09 %

CaKR1 Capsicum chinense 6e-19 135 88 % 31.84 %
FAT Capsicum annuum 1e-93 333 30 % 32.10 %
ACS Capsicum annuum 1e-13 75.5 55 % 22.22 %
Pun1 Capsicum annuum No significant similarity found

Note. Protein sequences of the genes were obtained from uniprot which listed which
specific species the sequence was related to. The blastp program was used to blast the
protein sequence against Saccharomyces cerevisiae using the non-redundant protein
sequence database. The E value, total score, query coverage, and identity were all
recorded for the best resulting search for each blast sequence.

Incorporating Capsaicin Biosynthesis in Saccharomyces cerevisiae

The first major experiment we will be conducting will be to genetically modify a

strain of yeast to incorporate genes from the capsaicin pathway to hopefully achieve

capsaicin synthesis. We decided that there are two important genes we should try to
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incorporate first into our yeast stain which are the pAMT and pun1 genes. These two

genes are essential for capsaicin synthesis and would allow us to skip several steps in the

phenylpropanoid pathway. If we add the precursor molecule vanillin, the pAMT gene will

be able to convert vanillin to vanillylamine and then the pun1 gene would have the

vanillylamine molecule ready to synthesize capsaicin. The other precursor molecule

needed from the branched-chain fatty acid pathway would be 8-methyl-6-nonenoyl-CoA

and this molecule may be already present in yeast as it is a product from the fatty acid

synthase cycle which is found in yeast. After the addition of these two genes and testing

for capsaicin production, additional genes can be added from either pathway until

capsaicin synthesis can be achieved. To achieve spicy yeast, we first will start by

incorporating these two genes, pAMT and pun1 through a golden gate cloning assembly

and then utilizing the correct plasmid that contains our promoter, coding region, and

terminator sequence to then transform into a strain of Saccharomyces cerevisiae. If there

is no capsaicin production after successful incorporation and expression of our genes of

interest, then we will re-evaluate the pathway and decide on other potential genes of

interest to incorporate into Saccharomyces cerevisiae that may be required for capsaicin

synthesis.

Identifying New Capsaicin Genes

As previously mentioned, there are many important enzymes that are involved in

the synthesis of these pathways but characterization and regulation of the pathways are

still being researched. In order to successfully synthesize the end molecule from a

pathway, a robust understanding of what genes are involved and what processes they
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influence are essential for successful synthesis. There are many ways for researchers to

identify the influence genes have and how they relate to pathways and many of these

tools are bioinformatics in nature. Gene ontology (GO) is a common form of functional

analysis which provides structured, controlled vocabularies which allow it to be used

across several domains to annotate gene, gene products, and sequences (Gene Ontology

Consortium, 2004). The GO database is useful in determining how differentially

expressed genes in a study may be related to each other, what pathways they are part of,

what products the genes produce, and much more information. The DAVID database,

which stands for Database for Annotation, Visualization, and Integration Discovery and

is useful in interpreting a large list of genes (Huang et. al., 2007). The amount of data and

information to interpret after being generated from high-throughput sequencing

experiments is a daunting task. The many tools that the DAVID database comes equipped

with allow for much better discovery and analysis of such large datasets through

functional classification, biochemical pathway maps, conserved protein domain

architectures, while all being linked to sources of biological annotation (Dennis et. al.,

2003). Once a list of genes are generated from the data of high-throughput sequencing, a

variety of data can be extracted from said list where different connections and

conclusions can be drawn by analyzing the data in many different ways. Since the

capsaicin biosynthesis pathway was a pathway that is still being researched and amended

with new findings, we wanted to add to this research effort by contributing our own data

analysis to hopefully draw some new conclusions.

We decided that paired-end RNA sequencing of a variety of peppers that ranged

in scoville intensity would be a good place to start. There have been numerous advances
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in sequencing techniques since the very first sequencing of the human genome project

that has made it much more affordable and possible to perform sequencing in much

greater quantities and depths (Chan, 2005).  RNA sequencing is a method that examines

the quantity and sequences of RNA in a sample allowing us to analyse the transcriptome

of said sample. The transcriptome is the total cellular contents of RNAs such as the

tRNA, rRNA, mRNA, and others (Ozsolak & Milos, 2011). This is of high importance as

it allows researchers to make connections between genes and their protein products. RNA

sequencing can tell which genes are being upregulated, downregulated, when they are

being expressed, their level of expression, and much more. It gives a more detailed and

quantitative view of alternative splicing, allele-specific expression, and gene expression

in general (Kukurba & Montgomery, 2015). Being able to connect the pieces between the

genome and the functional proteins that are produced allow scientists to more deeply

understand the biology of the cell and assess these changes (Ozsolak & Milos, 2011). The

development of high throughput next generation sequencing (NGS) revolutionized

transcriptomics by enabling RNA analysis through the sequencing of complementary

DNA (cDNA) (Kukurba & Montgomery, 2015). A typical RNA-Seq experiment consists

of isolating RNA, converting it to complementary DNA (cDNA), preparing the

sequencing library, and sequencing it on an NGS platform (Ozsolak & Milos, 2011). A

more detailed approach for RNA sequencing is as follows. RNA must first be extracted

and isolated from a sample, sufficient quantity and more importantly quality is needed

form the extraction as this will provide the basis for the sequencing. The RNA molecules

are then reverse-transcribed to cDNA which is a much more stable product than the RNA

molecule. This cDNA sample is then fragmented randomly to obtain random sized
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sequences that can be pieced back together in the end to form a more complete picture

(Kukurba & Montgomery, 2015). These cDNA fragments are able to be utilized in the

NGS workflow where adapters are added to the end of the fragments which allow the

sample to attach to the flow cell for Illumina sequencing where sequencing will be

performed. The adapters contain the elements which all for the start of sequencing, these

elements are the amplification element and primary sequencing site. Then during the

sequencing step, clusters of cDNA fragments are amplified through polymerase chain

reaction in a process called cluster generation, resulting in millions of copies of cDNA

(Ozsolak & Milos, 2011). The next step is to determine what these sequences are and to

do this primers are attached, reversible terminators, DNA polymerase, and TCEP used to

determine the base sequence through fluorescence for all of the sequences generated. The

last step is the software will identify the nucleotides through fluorescence and the

accuracy in identification of said nucleotides. Through generating millions of sequences

and those sequences being fragmented randomly, the entire transcriptome of a single

sample can be pieced together through computer programs to match different fragmented

overlapping portions together to get an idea of the entire sequence (Kukurba &

Montgomery, 2015). RNA sequencing is a powerful tool and utilizing the RNA

sequences that are generated, we can perform the bioinformatics analyses on the

sequences and go further to identify possible candidate genes that may participate in the

capsaicin biosynthesis pathway which may be important to include when attempting to

create genetically modified Saccharomyces cerevisiae that can synthesize capsaicin.
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Discovery of Additional Genes in the Capsaicin Biosynthesis Pathway

The second major experiment we decided to perform was to send out pepper

samples for Illumina paired-end RNA sequencing to determine gene expression levels of

pungent cultivars and non-pungent cultivars to determine if there are any important genes

that should be incorporated into the pathway that are highly expressed in pungent

peppers. There was a study done by Zhang Z. X. et. al., published in 2016 in the journal

of Nature titled “Discovery of putative capsaicin biosynthetic genes by RNA-Seq and

digital gene expression analysis of pepper.” In their study, they used an Indian pepper

called ‘Guijiangwang’ which is one of the world's hottest chili peppers. They harvested

portions of the placenta region of this pepper at five different developmental stages and

performed RNA-seq to identify assumed genes involved in capsaicin synthesis. They

identified 135 genes of known function that were identified as most likely to be involved

in regulating capsaicin synthesis with 20 new candidate genes that may play a role too.

This was a great study done to identify new genes that may play a role in capsaicin

production but we felt that we could expand on this study in various ways. One factor is

that they collected one pepper and analyzed capsaicin production in different

developmental stages as this pepper, ‘Guijiangwang’, as it has visual differences in its

developmental stages. For their study, they only had one pepper collected for RNA

expression comparison to compare their gene expression against. Pepper pungency does

change as the pepper ages where capsaicin production increases in pepper growth, but

they did not include other peppers in their sequencing to compare too and we believe that

the study can be expanded on by doing this. In order to expand on the results from this

study, we first obtained seven different peppers ranging on the Scoville scale from low
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Scoville heat units (100-500 SHU) to a high level of Scoville heat units

(800,000-1,000,000 SHU). These seven peppers in order from increasing pungency are as

follows: cherry peppers, jalapeno peppers, hungarian wax peppers, serrano peppers,

cayenne peppers, habanero peppers, and ghost peppers. Five of the seven peppers belong

to the Capsicum annuum genus which are cherry peppers, jalapeno peppers, hungarian

wax peppers, serrano peppers, and cayenne peppers while the habanero peppers and ghost

peppers belong to the Capsicum chinense genus. Table 2 below lists the different pepper

samples that we sent out for sequencing along with their scoville range and family they

belong to. These peppers had their skin and placenta regions harvested and then RNA

extractions of these samples were performed and sent out for Illumina-RNA sequencing

through Genewiz. The RNA sequencing results that will be obtained will be processed

through FastQC, bowtie, and cufflinks to evaluate gene expression between the peppers.

Through analyzing different species of peppers and the varied pungency between the

peppers, we hope to identify other genes that are important in capsaicin production and

compare the known genes associated with capsaicin synthesis from Zhang Z. X. et. al., to

our own RNA sequencing results. Using this information, we may also reevaluate and

identify other important genes that we may want to incorporate into our genetically

modified yeast for capsaicin production if newly identified genes appear to be present

and influential in the pathway.
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Table 2

List of the Seven Pepper Samples sent for Illumina RNA Sequencing

Pepper Sample Species Scoville Range Pungency SHU
Cherry Pepper Capsicum annuum 100-500 SHU Non 0-700

Jalapeno Pepper Capsicum annuum 3,500-8,000 SHU Mildly 700-3,000
Hungarian Wax Pepper Capsicum annuum 5,000-15,000 SHU Moderately 3,000-25,000

Serrano Pepper Capsicum annuum 10,000-23,000 SHU Highly 25,000-70,000
Cayenne Pepper Capsicum annuum 30,000-50,000 SHU Very Highly <80,000
Habanero Pepper Capsicum chinense 100,000-350,000 SHU

Ghost Pepper Capsicum chinense 800,000-1,000,000 SHU
Pure capsaicin 15,000,000 SHU

Note. Peppers are sorted from top to bottom by scoville intensity along with pure
capsaicin as a reference. Along with the peppers sent out for sequencing is a pungency
table included which ranks the pungency of the peppers based on their scoville heat units.
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Chapter 2

Methods

Part 1: Genetically Modifying Saccharomyces cerevisiae with the Capsaicin
Biosynthesis Pathway

Golden Gate Cloning

The yeast golden gate DNA assembly method was designed by Agmon et. al as an

easy way to incorporate genes of interest, promoters, and terminators in an efficient

assembly system into Saccharomyces cerevisiae (Agmon et. al., 2015). Golden gate

cloning utilizes type II restriction enzymes which will cleave outside of their target

sequence leaving nucleotide overhangs. BsaI-HFV2 is the specific type II restriction

enzyme that is utilized which cleaves the specific six nucleotide target sequence, 5’

GGTCTC | N1N2N3N4 3’, located on the designed plasmids which then results in a small

four base nucleotide overhang. The plasmids were created with the BsaI-HFV2 sites

already located on either side of a red fluorescent protein region. We can create our

transcriptional units by adding on the specific six base pair sequence that BsaI-HFV2

recognizes  with a four base overhang that will remain after the sequence is cut. This

allows us to design the correct flow of promoter, coding sequence, and terminator by

pairing the overhanging fragments with its complementary DNA sequence of the next

transcription unit to ensure the correct order of inserts. For example, we would take the

sequence for the pun1 gene which was one of the coding sequences we were interested in

inserting. We would then add the BsaI-HFV2 sequence to the ends of the coding

sequence and add a four base overhang sequence next to the restriction sites. This would
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result in when the transcriptional units are cut with the BsaI-HFV2 enzyme, a remaining

four base overhang of our implementation would reside and we can strategically match

these overhangs for each transcriptional unit to create the correct order of inserts into the

plasmid itself.

To distinguish modified clones from unmodified clones, the red fluorescent

protein region of the designed plasmids is the area in which the new transcriptional

assembly will be inserted. For each plasmid, the BsaI-HFV2 restriction sites surround a

red fluorescent protein so after the golden gate assembly process, colonies that grow

white are ones that have been cut with the restriction enzyme and could contain the

transcriptional units while red colonies are unmodified colonies. Using this technology,

we were able to customize our plasmids to whatever promoter, gene, and terminator we

were interested in inserting into bacteria. We chose two plasmids for our two genes, the

pAV113 and pAV115 plasmids provided from Agmon et. al., 2015. The pAV113 plasmid

would have the promoter PGK1, gene pAMT, and terminator CYC1 inserted into it. The

pAV115 would have the promoter TEF1, gene pun1, and terminator ADH1. Both

plasmids have a bacterial resistance of ampicillin and each plasmid contains a different

gene for amino acid expression which will be used later for auxotrophic selection.

Plasmids were combined with their respective promoters, terminators, and coding

sequences in equimolar ratios, DNA ligase buffer, DNA ligase, water, and BsaI-HFV2

were all added and placed into a PCR machine to allow for amplification. The PCR

products were then used in a bacterial transformation using chemically competent E. coli

cells and then plated onto LB plates with ampicillin antibiotic resistance to grow

overnight.
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Figure 5

One-Pot Yeast Golden Gate Assembly

Note. PRO (Promoter), CDS (coding sequence), and TER (terminator) parts flanked by
the appropriate prefix and suffix sequences are cloned into ampicillin resistant vectors.
Cloned parts were mixed in equimolar ratio and the parental acceptor vector encodes a
red fluorescent protein (RFP) gene with E. coli promoter and terminator sequences.
Following E. coli transformation, white/red screening can be used to distinguish clones
encoding putative transcriptional unit assemblies as compared to unmodified parental
vectors. Figure obtained from Agmon et. al, 2015.
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Bacterial Screening

After Golden Gate cloning, E. coli bacteria cells were screened utilizing

restriction enzyme digestion, polymerase chain reaction, and sanger sequencing. White

colonies were modified and could contain promoter, coding sequence, and terminator as

these have been successfully cut with the BsaI-HFV2 restriction enzyme. Red colonies

are colonies that have been unmodified and would not contain the correct transcriptional

units which allow for a quick and easy visual screening. Using the red and white

colonies, they can be digested with another restriction enzyme such as PVUII-HFV2,

which recognizes two specific sites on a white colony and recognizes four specific sites

on an unmodified red colony. Using the base pair sizes of the plasmid, promoter

sequence, coding sequence, terminator sequence, and a deduction of the red fluorescent

protein size, we are able to estimate the expected band sizes of colonies that would

contain all the units of interest. By digesting our colonies with restriction enzymes, we

can verify if our plasmid contained specific inserts based on the sizes of the remaining

DNA bands after digestion. These DNA bands were evaluated on a 1% agarose gel

utilizing gel electrophoresis. In addition to restriction enzyme digests, polymerase chain

reaction was performed utilizing pBluescriptSK forward and pBluescriptKS reverse

primers which recognize specific sequences that reside outside of the BsaI-HFV2 sites

and amplify toward each other encompassing the red fluorescent protein region.

Polymerase chain reaction can be utilized as a screening technique as the plasmid has

specific sites located on it where a forward and reverse primer would amplify the DNA

between these two sites creating a band size based on the distance. This distance can be

determined and can span the region in which your transcriptional units may reside so it is
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possible to verify if the transcriptional units are inserted. Through PCR amplification

utilizing the pBluescriptSK and pBluescriptKS primers, we can visualize the region

where our transcriptional inserts will reside. To do this we will use gel electrophoresis

and visualize this on a 1% agarose gel to see if the expected band sizes correlate to the

base pair sizes of the sum of transcriptional inserts. The last step performed for successful

screening of colonies was to send the isolated DNA samples of the bacterial plasmids out

for sanger sequencing. Sanger sequencing is a method in determining the nucleotide

sequence of DNA which utilizes fluorescently labeled dideoxynucleotides in a chain

termination method which results in nucleotides being added to the DNA sequence which

prevents other nucleotides from being added on. This chain termination method

essentially allows for millions to billions copies of the DNA sequence of interest to be

terminated at random lengths. The DNA sequence can be determined by sorting these

fragments by size and using fluorescence to determine which base, A, T, C, or G has

attached itself which when read out, creates the DNA sequence (Sanger et. al., 1977). The

results obtained could then be used to verify if  our inserts are present by comparing the

sanger sequence results to our insert’s sequences.

Auxotrophic Selection

Once we had confirmed the colonies had the proper pieces, we performed a yeast

transformation with those samples. The vectors that we chose from the beginning,

pAV113 and pAV115 have specific yeast markers they lack such as pAV113 lacks

Histidine-3 and pAV115 lacks Leucine-2. This type of auxotrophic selection allows us to

grow these samples on a plate that would lack one of these necessary organic compounds
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needed for growth, and the colony will only grow if the yeast did incorporate the plasmid

that carries the gene needed for expression of the amino acid. The yeast strain we were

transforming them into is a strain called By4741 which needs the following

macromolecules to grow which are His3, Leu2, Met2, and Ura3. Using this knowledge,

we made three different types of synthetic dextrose plates that lacked all amino acids and

nucleobases except for ones we added. For the first set, we added His3, Met2, and Ura3.

This plate lacks Leu2 and therefore only yeast that have the pAV115 plasmid

incorporated in it will grow. The second set of plates had Leu2, Met2, and Ura3 so only

pAV115 should grow on it since it lacks His3. The last set of plates only had Met2 and

Ura3 meaning that if the yeast incorporated both plasmids then colonies should form. We

performed the yeast transformation utilizing the correctly screened bacterial plasmid

DNA to obtain yeast with our desired genes of interest.

Testing Gene Expression in Genetically Modified Yeast

Once the genes of interest were inserted into the yeast, we then wanted to evaluate

gene expression levels of our pAMT and pun1 genes to make sure they are being

expressed. To do this, we used quantitative Reverse-Transcription Polymerase Chain

Reaction or qRT-PCR for short. We extracted the RNA of our four different strains of

yeast which were By4741,  By4741 with pAMT, By4741 with pun1, and By4741 with

pAMT and pun1. The extracted RNA from the yeast samples was used to synthesize

cDNA and both were used for the polymerase chain reaction. The RNA samples were

used as a control to determine if there was DNA contamination and if a DNase step was

needed prior to creating the cDNA. The reason is contamination of DNA in the RNA
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sample would lead to inaccurate cDNA sequences. We utilized DNA primers for our

pun1 and pAMT genes which would recognize a specific DNA sequence from their

coding region that would result in amplification of the sequence if present. We used water

as a control for each of the primer sets. We also used the Alg9 gene, which is a

housekeeping gene in Saccharomyces cerevisiae which is responsible for the synthesis of

oligosaccharide precursors for N-linked protein glycosylation (Frank & Aebi, 2005).

Housekeeping genes are constituently expressed which allows it to serve as a positive

control to compare our gene expression values against. Using SYBR green dye, we could

visualize DNA synthesis occurring in the samples as DNA synthesis causes SYBR green

dye to fluoresce brightly as it binds to the minor groove of DNA so the more DNA that is

synthesized the brighter the fluorescence becomes (Noble & Fuhrman, 1998). Cycle

threshold (CT) is a value is a measure of the number of cycles required for the fluorescent

signal to cross a threshold or background level. The lower the CT value means that the

threshold was crossed early relating to a strong positive fluorescence signal occurring.

The SYBR Green dye was analyzed using the FAM fluorophore which has an excitation

of 490 nm and emission of 520 nm. The polymerase chain reactions had a denaturation

temperature of 95oC, annealing temperature of 55oC, and an elongation temperature of

72oC, which repeated for 40 cycles.
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Part 2: Performing Illumina RNA Sequencing Analysis on Placenta and Skin Tissue
Samples from Seven Different Peppers of Varying Scoville Intensity to Identify
Novel Genes for Capsaicin Synthesis

Collection of Peppers for RNA Sequencing

A variety of peppers species were collected from the surrounding area and

dissected for RNA processing. We collected the following pepper samples bell pepper,

jalapeno pepper, cayenne pepper, hungarian wax pepper, serrano pepper, cherry pepper,

habanero pepper, carolina reaper pepper, and ghost pepper. We attempted to obtain the

highest RNA quality of pepper samples by immediately processing them after they were

harvested to prevent RNA degradation. When pepper samples were picked from the

plant, they were immediately placed in an ice cooler where they were brought back to

Rowan University. Sterile dissecting tools such as exacto knives, razor blades, and

tweezers were used to dissect the pepper and harvest three distinct portions, the placental

region, the skin, and the seeds which can be seen in figure 6 below. Each of these pieces

were placed into a 1.5mL tube and stored in the -80oC freezer until RNA extraction of

placenta and skin regions were performed. The peppers were collected from a variety of

places and consistency in this extraction process was done to maintain evenness among

samples. Carolina reaper peppers as well as habanero peppers were collected and

harvested from Rowan University in Glassboro, New Jersey. Ghost peppers, jalapeno

peppers, and cayenne peppers were cultivated and grown by Ryan Calhoun in

Turnersville, New Jersey. Hungarian wax peppers, serrano peppers, cherry peppers, and

bell peppers were acquired by Dr. Benjamin Carone from Visalli’s Farm Market located

in Mullica Hill, New Jersey. Multiples of the same pepper were collected from each site

allowing us to collect multiple pepper extractions for a broader range of results. This
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allowed us to obtain multiple skin and placenta sections from each pepper so we could

perform multiple experiments in the future if needed.

Figure 6

Six of the Nine Pepper Samples Dissected for RNA Extraction

Note. The peppers are listed starting from left to right as the following: bell pepper,
serrano pepper, hungarian wax pepper, cherry pepper, serrano pepper, hungarian wax
pepper, habanero pepper, and ghost pepper. Not pictured are the jalapeno, carolina reaper,
and cayenne peppers. The top picture illustrates the peppers prior to dissection. The
bottom picture illustrates the peppers after extraction top to bottom where the top petri
dish houses the skin extracts, the middle petri dish houses the seeds and remaining
pepper, while the bottom petri dish houses the placenta regions. These regions of the
dissected peppers were labeled and placed into 1.5mL tubes and stored in the -80oC until
ready for RNA extraction.
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Extraction of RNA from Peppers

RNA samples were processed by first taking 1 cm by 1 cm incisions of either the

placenta or skin regions and mixing them with ribozol. Early samples were processed

utilizing a bead beater where the sample would undergo 10 minutes of bead beating

followed by the Ribozol RNA Extraction Reagent protocol for extracting RNA from

plant tissue provided by VWR Life Science. Although bead beating was effective, a

VWR micro homogenizer was purchased to provide better cell disruption as the plant cell

wall proved to be a difficult material to homogenize. The VWR standard

Micro-Homogenizer allowed for processing of small sample sizes in small

microcentrifuge tubes. After homogenization, these samples were also followed by the

same RNA extraction protocol as stated above. To assess RNA integrity, the samples

were quantitatively analyzed using a Quibit Fluorometric Quantitation and were analyzed

using gel electrophoresis on a 1.5% agarose gel to visualize integrity of the bands. As

previously stated, we obtained multiple samples of skin and placenta regions for each

pepper so we could perform multiple RNA extractions on the samples if needed. In total,

we performed a total of 48 RNA extractions on different skin and placenta regions of the

peppers and assessed their RNA quality and concentrations.

FastQC

Using the results from the RNA extraction process, we selected the best pepper

samples that had high RNA integrity and were highly concentrated to send out for

sequencing. We also attempted to include samples that would result in a wide range of the

Scoville scale meaning we did not want to send out multiple non-pungent peppers or
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pungent peppers, we wanted a wide distribution from non-pungent to highly pungent. We

decided to send out the following peppers for paired-end Illumina RNA Sequencing:

cherry peppers, jalapeno peppers, hungarian wax peppers, serrano peppers, cayenne

peppers, habanero peppers, and ghost peppers. Pepper samples were placed in a

container, covered in dry ice, then sealed in a styrofoam box which was then sent out to

GENEWIZ to perform standard paired-end RNA-Seq analysis. Genewiz processed the

samples and evaluated many factors of the samples such as RNA integrity, average

nucleotide size, region molarity, RNA concentration, and more before performing

sequencing on the Illumina platform. After sequencing, the bioinformatics pipeline will

be utilized to analyze the sequencing results to generate gene expression values. To do

this, we are first given the FASTQ files and we utilize FASTQC to determine the quality

of our data. Using the fastq files, we received a variety of information on our data such as

the per base sequence quality, base N content (could not identify nucleotides), if there are

any overrepresented sequences, adapter content, and much more. This step is necessary

as it allows the user to determine the quality of their data and if the raw files need to be

processed prior to continuing through the pipeline (Andrews, 2017). Alterations to the

fastq files can be done at this step such as trimming the overall reads if there is a drop in

quality, checking for adapter contamination, if there are overrepresented sequences, and

many other variations to the raw files to generate the best sequence reads for further

analysis.
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Bowtie

After utilizing FASTQC, we used Bowtie to align our fastq files to a reference

sequence. Bowtie is an ultrafast short read aligner which is aimed to quickly align large

sets of short DNA sequences to a genome. This produces a SAM output file which shows

the overall alignment score obtained between the sample sequence and the reference

sequence. It also shows how many reads in total there are in the sample sequence, how

many of those are aligned 0 times, aligned 1 time, and aligned more than 1 time

(Langmead & Salzburg). For our experiment, the reference genome that we will be using

will be the Capsicum annuum reference genome. The reference genome was obtained

from Sol Genomics Network and it is Capsicum annuum cv CM334 Genome CDS

(release 1.55) (Qin et. al., 2014).

Cufflinks

After the bowtie alignment, we then can take the Sam file and convert it to a Bam

file utilizing samtools. The Bam file was also sorted in order of chromosomes to match

how the reference genome is set up. After sorting, cufflinks can be used to evaluate gene

expression on our pepper samples. Cufflinks is a program that assembles transcripts,

estimates their abundances, and can test for differential expression and regulation in

RNA-seq samples (Ghosh & Chan, 2016). It produces several output files that contain

test results for changes in expression at the level of transcripts, primary transcripts, and

genes. It also tracks changes in the relative abundance of transcripts sharing a common

transcription start site, and in the relative abundances of the primary transcripts of each
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gene. Tracking the former allows one to see changes in splicing, and the latter lets one

see changes in relative promoter use within a gene (Trapnell et. al., 2012).

Analyzing Cufflinks Output

After running cufflinks, we analyzed the results utilizing the FPKM output.

FPKM stands for fragments per kilobase of transcript per million mapped reads. The

relative expression of a transcript is proportional to the number of cDNA fragments that

originate from it. Utilizing these FPKM output values and the free software environment

R, we processed the data creating various graphical plots and images to interrogate the

data (Team, 2013). The most important visual was the generation of a heatmap to

visualize the differences between gene expression values for the pepper samples to make

connections and comparisons between expression levels and genes.
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Chapter 3

Results

Part 1: Genetically Modifying Saccharomyces cerevisiae with the Capsaicin
Biosynthesis Pathway

Golden Gate Cloning

Utilizing the yeast Golden Gate DNA assembly method as described previously,

we incorporated the PGK1 promoter, pAMT gene, and CYC1 terminator into the pAV113

plasmid and incorporated the TEF1 promoter, pun1 gene, and ADH1 terminator into the

pAV115 plasmid provided from Agmon et. al., 2015. This concoction, after PCR

amplification, was used in a bacterial transformation into chemically competent E. coli

cells which were grown overnight at 37oC. The resulting colonies that were grown were a

mixture of single red bacteria colonies and single white bacteria colonies which can be

seen in figure 7 below. Red colonies are bacteria cells that still have the original red

fluorescent protein portion remaining in their plasmid. White colonies are bacteria cells

that have had their red fluorescent protein portions successfully cut out by the type II

restriction enzyme digest and could contain the correct transcriptional inserts from the

golden gate cloning. The red colonies however will not have the correct transcriptional

inserts as these plasmids are unmodified since they were not cut by the BsaI-HFV2

restriction enzyme. Using both the red and white colonies, we can perform plasmid DNA

extractions and perform various screening assays to verify if they do or do not contain

our transcriptional units of interest. As seen in figure 7, we were able to grow both red

and white colonies. It appears that there were more white colonies that grew in the
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pAV113 plasmid compared to the pAV115 plasmid which grew more red colonies. There

also appears to be more colonies overall in general on the pAV113 plate. Being able to

grow both red and white colonies is beneficial since we can test in the screening process

an unmodified vector against a modified vector to see more substantial differences.

Figure 7

E. coli Colonies after Bacterial Transformation with Golden Gate Assembly

Note. The red colonies are unmodified parental vectors whose red fluorescent protein
coding sequence region remained unchanged in the vector. The white colonies are
bacterial colonies that have been modified in the golden gate transformation process and
may contain the inserted CDS region.

Bacterial Screening

After Golden Gate cloning, E. coli bacteria cells were screened utilizing

restriction enzyme digestion, polymerase chain reaction, and sanger sequencing. Included

below in figure 8 are the linear plasmid maps of pAV113 and pAV115. Both of these

maps include the important features such as restriction enzyme site information, red

fluorescent protein regions, or primer site information that we exploited in the screening
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process. One form of screening we utilized was taking our purified plasmid DNA from

red and white colonies performing a restriction enzyme digest with the PVUII-HFV2

enzyme. This specific restriction enzyme is useful as it recognizes a different number of

sites on a plasmid cut with BsaI-HFV2, two, compared to an unmodified sample, four, as

seen in figure 8’s plasmid maps. Using this information we would ideally be looking for a

different number of bands to show up on the agarose gel for a white colony compared to a

red colony. In addition, since we are replacing the red fluorescent region with our

transcriptional units of interest, and we know the base pair lengths of these promoters,

coding sequences, and terminators, we can estimate the band size lengths that are

expected to show up if the plasmid does successfully contain each of these units. To

calculate the estimated band size, we would take the total size of our plasmid and first

subtract the region we cut out with the BsaI-HFV2 enzyme as this region is no longer

present in the plasmid. Since there are two PVUII-HFV2 sites left in the plasmid, one

band size will be large consisting of the distance from one site to the other and a simple

calculation of this distance only needs to be determined. To determine the other band

size, a little more math will be required. This second band size will be the remaining

region between the PVUII-HFV2 sites and BsaI-HFV2 sites with the addition of the total

size of our transcriptional units we are inserting. After performing this calculation, we

determined that the pAV115 plasmid would have two expected band sizes of 2732 bp and

5965 bp while the pAV113 plasmid would have 3228 and 4462 expected band sizes.

Based on these expected band lengths, we ran multiple restriction enzyme digests with

the PVUII-HFV2 enzyme and visualized the results on agarose gels at a 1%

concentration. After multiple gel electrophoresis experiments, we did obtain samples that
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had demonstrated two unique bands that did resemble the expected band sizes of interest

for both the pAV113 and pAV115 plasmid. Typically for the samples that did show

distinct banding, the top which consisted of the larger of the two DNA segments was a

thicker and fuller band while the lower band representing the smaller fragment was

fainter and less concentrated. It did appear that the samples we had matched our expected

results but to be sure, we also conducted polymerase chain reactions on our samples and

performed sanger sequencing as another form of validation.

Figure 8

Linear Plasmid Maps for Plasmids pAV113 and pAV115

Note. These plasmid maps highlight the key features that were manipulated during the
screening process such as the polymerase chain reaction sites and the restriction enzyme
digest sites as well as the red fluorescent protein region of interest.

Polymerase chain reaction (PCR) was performed utilizing pBluescriptSK and

pBluescriptKS forward and reverse primers which are specific sequences that reside
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