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Abstract 

 
Polyphenol oxidase (PPO) is a well-characterized enzyme that is conserved across plant species and is responsible 

for catalyzing the rapid polymerization of o-quinones that results in tissue browning. As these oxidation reactions 

result in significant reductions in food crop commercial viability, nutritional content, and general desirability, an 

opportunity exists to improve a variety of crops via genetic regulation of PPO expression. The main objective of 

this project was to clone the DNA sequence of genes encoding PPO. Using mRNA as a template to synthesize 

DNA, two putative PPO sequences were cloned from Ocimum basilicum and Ocimum americanum, two basil 

species of commercial relevance. A secondary objective of this project was to insert a cloned PPO sequence into 

an RNAi vector for the purpose of making transgenic basil plants with reduced PPO expression. A hairpin RNAi 

construct was successfully developed to reduce expression of both PPO genes as their DNA sequences were 

highly homologous. The next step for this project will depend on the development of transformation and 

regeneration protocols for these species, which have proven to be difficult. Once the RNAi PPO constructs are 

introduced into basil cells and successfully regenerated into plants, reduced browning of basil leaf tissue when it 

is wounded or cut is expected. 
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Introduction 

A wide range of plants undergo oxidation reactions that result in tissue browning when cut, 

wounded, or processed (Martinez & Whitaker, 1995). This process along with other deteriorative 

reactions that occur postharvest are responsible for half of fruit and vegetable loss worldwide, 

making their effects significantly economically and environmentally impactful (Friedman, 1996). 

These large-scale reductions in food crop nutritional content, safety, and commercial viability 

thus necessitate efforts to mitigate these reactions via genetic modification (Caspi et al., 2016). 

Such efforts have already been undertaken in several crops; for instance, browning-resistant 

apple and potato varieties are emerging commercially (Waltz, 2015). The present work pursues a 

similar goal in two commercially relevant basil species, Ocimum basilicum and Ocimum 

americanum. The ‘Caesar’ cultivar of O. basilicum was selected for study due to its status as an 

industry-standard cultivar. The sequence of the wild African basil species O. americanum was 
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also determined due to its possession of genetic resistance to basil downy mildew, a disease 

currently generating major crop losses across continents (Ben-Naim, Falach, & Cohen, 2018). 

The creation of a genetically modified, browning-resistant basil variety is appropriate due to 

basil’s position among the most prominent and economically significant herbs used in the United 

States and Europe for culinary purposes (Putievsky & Galambosi, 1999). Further, the heavy 

processing of basil leaf tissue involved in making pesto makes it particularly susceptible to 

browning. 

These oxidation reactions are attributed to polyphenol oxidase (PPO), a well-characterized 

enzyme that is conserved across plant species and is responsible for catalyzing the rapid 

polymerization of o-quinones that results in tissue browning, as shown in Figure 1 (Queiroz, 

Lopes, Fialho, & Valente-Mesquita, 2008). While this enzyme’s activity can be controlled by 

environmental factors such as low pH and cold temperatures, the feasibility and efficacy of these 

approaches for large-scale production and distribution are limited (Martinez & Whitaker, 1995). 

To achieve the most effective control of oxidation, a genetically modified plant that will not 

undergo browning reactions can be generated by silencing or knockdown of PPO gene 

expression via a variety of established genetic modification techniques, such as RNA 

interference (RNAi). The RNAi technique (also known as post-transcriptional gene silencing) 

derives from a cellular mechanism acting on double-stranded RNA that has been harnessed for 

sequence-specific gene silencing; RNAi has been used extensively in plant tissue culture 

experiments focused on reducing expression of mRNA transcripts (Hannon, 2002). This 

technique was used in the development of the browning-resistant apples and potatoes mentioned 

above (Waltz, 2015). 

 

Figure 1: Polyphenol oxidase's catalytic role in the dehydrogenation of o-dihydroxyphenols to o-quinones (Caspi et 

al., 2016) 

Knowledge of the PPO gene sequence is a prerequisite to venture toward its control via 

genetic modification. Because a basil genome has not been published at this time, the objective 

of the present work was to determine the nucleotide sequence via molecular cloning in the two 
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basil species proposed. Following the elucidation of these gene sequences, a second objective of 

this project was to develop long hairpin RNAi constructs to facilitate future efforts in developing 

a browning-resistant basil variety by interfering with the gene’s expression. 

This study reports the nucleotide sequences of two genes encoding PPO in O. bacilicum and 

one gene in O. americanum. Analysis of the homology of these newly identified basil genes with 

published sequences for PPO in other plant species revealed that they are most similar to a PPO 

sequence of Erythranthe guttatus (seep monkeyflower). One of the cloned gene sequences of O. 

basilicum (ObPPO1) was subsequently used in the development of a construct to reduce PPO 

experession via RNAi. 

Materials & Methods 

Cloning of PPO 

isolation of RNA, creation of cDNA libraries, and PCR amplification. RNA was 

extracted from O. basilicum and O. americanum leaf tissue using Trizol® and was purified using 

TURBO™ DNase treatment. The purified mRNAs (Fig. 2, left) then served as templates for 

conventional generation of cDNA libraries (Fig. 2, right). 

 

 

Figure 2. Confirmation of basil RNA (left) and cDNA (right) quality via gel electrophoresis 

 

Primers for Rapid Amplification of cDNA Ends (RACE) were designed to allow for PCR 

amplification of the putative sequences from cDNA of both basil species of interest (Frohman, 

1993). Given the absence of a published basil genome, the initial primers were designed by 

identifying conserved domains in PPO genes of other species in the Lamiaceae family published 

on NCBI via Clustal Omega multiple alignment (Sievers et al., 2011). These initial primers were 
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used to identify partial sequences that then allowed the development of the primers shown in 

Table 1 to amplify the complete PPO coding sequence. 

 

Table 1. Primers Used in the Final Cloning Trials to Isolate the Complete Coding Sequences in O. basilicum and O. 

americanum. 

 

These final primers were developed based on the PPO partial sequences obtained in initial cloning trials. 

 

Using these primers, the PCR was run on a Veriti® 96-Well Thermal Cycler with a 53C 

annealing temperature and 1:30 second extension-time for 40 cycles. The candidate PPO PCR 

products were isolated via gel electrophoresis and extracted using the QIAquick® Gel Extraction 

Kit. 

ligation to vector and transformation of E. coli with PPO. The PCR products were ligated 

to the pGEM®-T Easy cloning vector via incubation with T4 DNA ligase, and the resultant 

vector was used to transform TOP10® competent E. coli cells via heat shock. A 50 L aliquot of 

the E. coli cells was spread on Lysogeny Broth (LB) agar plates containing carbenicillin as a 

selectable marker for successfully transformed E. coli containing carbenicillin-resistance 

conferred by the pGEM vector. Plates were incubated overnight at 37C. 

screening for inserts and sequencing. Select E. coli colonies were cultured in 3 mL of LB 

containing carbenicillin overnight in a shaking incubator at 37C. The plasmids were then 

extracted using a miniprep protocol and digested with the restriction enzyme NOTI and 

visualized via gel electrophoresis to confirm PCR product insertion. Samples containing the 

insert were sequenced by Genewiz Sanger Sequencing at the UF-ICBR sequencing core facility. 

sequence analysis and bioinformatics. Preliminary consensus sequences were generated by 

separating all raw sequences into groupings by similarity, performing multiple alignments for 

each group, and calling each base based on prevalence among the replicates. These consensus 

sequences were then entered into Blastn, and those that were found to contain either of the two 

conserved PPO copper-binding domains or showed homology to tyrosinase superfamily proteins 

were identified as candidates (Zhang, Schwartz, Wagner, & Miller, 2000). From these working 

sequences, PCR primers were designed to clone the remainder of each gene. Sequencing data 
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from later trials yielded a full gene sequence containing a putative start codon and stop codon, at 

which point an open reading frame could be identified and Blastn could be used to identify 

similarities between the full cloned sequences and sequences in the NCBI databases. 

Development of RNAi Constructs 

The elucidation of these sequences then allowed for RNAi construct development using the 

O. basilicum PPO gene sequence to derive the hairpin. Two pairs of primers were constructed 

from this sequence such that the resultant amplified segments would form a hairpin secondary 

structure following transcription when ligated into a vector in the appropriate orientation 

(represented diagrammatically in Figure 3). As there is currently no published report of RNAi 

construct development in sweet basil, modifications were made to an established RNAi protocol 

for petunia, which allowed for insertion of a hairpin sequence with a pFMV promoter to the 

pHK1001 vector to permit a high level of expression (Dexter et al., 2007). 

The major steps involved in the development of the constructs are summarized as follows: 

Primers were designed to amplify two fragments from the coding sequence: both primer sets had 

the same forward primer. One reverse primer was approximately 300 bases downstream of the 

forward primer, and the other reverse primer was approximately 700 bases downstream. The 

objective was thus to generate two fragments that when ligated, inserted into a vector, and 

transcribed would have a complementary region allowing for the formation of a hairpin 

secondary structure. PCR was performed to amplify the two fragments and the products were 

purified. The fragments and pFMV vector were digested with restriction enzymes, purified, and 

ligated to generate a pFMV-insert vector. It was found that it was essential that pFMV undergo a 

treatment with alkaline phosphatase before the ligation procedure to maintain a linear form 

capable of ligation to the insert. The inserted segment was confirmed via heat shock 

transformation of E. coli and culturing on selective media, miniprep to isolate the vector, 

digestion to isolate the insert, and gel electrophoresis to visualize the insert. Samples indicating 

that that ligation had occurred correctly were sequenced via Genewiz Sanger Sequencing for 

confirmation. The pFMV construct and the pHK vector were digested with the NOTI restriction 

enzyme such that the hairpin with FMV promoter could be inserted into the pHK vector. pHK 

was also treated with alkaline phosphate prior to ligation. Finally, another confirmation step was 

undertaken. The construct was again introduced into competent E. coli cells via heat shock 
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transformation, followed by culturing on selective media, miniprep to isolate the vector, 

digestion to isolate the insert, and gel electrophoresis to confirm the insert. 

 

Figure 3. A simplified representation of the RNAi construct developed. The ObPPO1 hairpin sequence (center) and 

the pFMV promoter were inserted into the pHK1001 vector (left). The figure on the right is a representation of a 

portion of the hairpin structure that the mRNA will form when the sequence is transcribed. 

 

Results 

Nucleotide sequences of the putative PPO genes in O. basilicum and O. americanum were 

identified. In both species, the majority of the cloning trials acted as replicates for a single 

consensus sequence, which was named ObPPO1 in O. basilicum and OaPPO2 in O. 

americanum. In addition, a similar but distinct variant sequence was observed in O. basilicum in 

several trials, which was named ObPPO2. 

NCBI Blast searches indicated that the cloned PPO sequences showed high identity to the 

PPO sequences of other species (Table 2). ObPPO1, ObPPO2, and OaPPO1 were most similar to 

the PPO sequence of Erythranthe guttatus (seep monkeyflower) with identities of 74.08% (E 

value = 3e-129) 73.36% (E value = 1E-95), and 73.11% (E value = 5e-137) respectively. While 

the percent identity between the basil sequences and those listed in Table 2 were consistently 

high with low E values, only the E. guttatus sequence demonstrated a high query cover. The 

additional sequences showed significantly lower query cover, from 4-11%. The full nucleotide 

sequences of the cloned sequences and the PPO sequences of E. guttatus and P. avium, as an 

example of a sequence showing low query cover, are shown in multiple alignment in the Figure 

4. The lack of a greater number of high query cover matches is likely due to the lack of published 
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PPO sequences of species in the Lamiaceae family. Putative amino acid sequences for each gene 

could be generated via open reading frame analysis, and alignment of these sequences 

demonstrates very strong identity between the PPO1 sequences of the two Ocimum species (Fig. 

5). The two copper binding domains characteristic of the enzyme are also clearly present in all 

cloned sequences, an indication that the data is reliable (Malviya, Srivastava, Diwakar, & 

Mishra, 2011). 

 

Table 2. The Species and Accessions of the NCBI Nucleotide Collection (nt) Database Sequences with the Highest 

Homology to the Cloned PPO Sequences. 

 

All of the above sequences are annotated as encoding polyphenol oxidase. 
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Figure 4. Clustal Omega multiple alignment of cloned PPO nucleotide sequences and PPO sequences of E. guttatus 

(XR) and P. avium (XM). 
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Figure 5. Clustal Omega multiple alignment of the putative polyphenol oxidase amino acid sequences of O. 

basilicum (ObPPO1), O. americanum (OaPPO1), and E. guttatus (XR) (Sievers et al., 2011). The two basil 

sequences demonstrate 86.5% identity to one another, and the two yellow boxes represent the enzyme’s copper 

binding sites that are largely conserved among plants. 
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Development of an RNAi construct was also undertaken using the ObPPO1 gene. While 

sequencing results indicate that the attempt was successful, experimental verification of 

knockdown in planta has not yet been carried out. Although the RNAi construct was developed 

from O. basilicum cDNA, it is theoretically possible that the construct would also induce PPO 

knockdown in O. americanum due to the high level of PPO sequence identity between the two 

species. A diagrammatic representation of the construct and the hairpin mRNA molecule is 

presented in Figure 3. Figure 6 shows the modified ObPPO1 sequence inserted into the vector 

and identifies primers, restriction enzyme sites, and the complementary segments relevant for the 

formation of the mRNA secondary structure. This secondary structure can be visualized by in 

silico modelling based on identification of hybridizing regions of the sequence (Fig. 7). 

 

Figure 6. The modified ObPPO1 DNA sequence inserted in the construct to generate a hairpin when transcribed. 

The bolded and underlined segments represent the primers used to amplify the initial fragments from the ObPPO1 

cDNA. The highlighted segments are the restriction enzyme sites used in development of the construct. The black 

regions represent the complementary segments that allow the hairpin to form, and the blue segment comprises the 

loop that forms between them. 

 

 

 

Figure 7. An in silico prediction of the construct insert's secondary structure. The long complementary region makes 

up the major length of the structure and the loop section also adopts its own complex secondary structures (Zuker, 

2003). 
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Discussion 

This work has established the nucleotide and amino acid sequences of three genes encoding 

PPO in O. basilicum and O. americanum, thus filling a gap in the literature. The PPO sequences 

of the two species have high sequence identity and contain the two widely conserved copper-

binding domains that characterize the enzyme are present in both sequences (Malviya, 

Srivastava, Diwakar, & Mishra, 2011). 

The identification of two PPO sequences in O. basilicum is notable. These distinct sequences 

indicate that basil produces multiple variants of the PPO enzyme, an idea that is consistent with 

the literature on polyphenol oxidase and its role in other species (Martinez & Whitaker, 1995). 

The enzymes exist in diverse families with variants having different properties and tissue 

localizations, and it is likely that several forms of the enzyme remain to be identified in both 

basil species (Malviya, Srivastava, Diwakar, & Mishra, 2011). For example, the PPO gene 

family of tomato contains seven different genes that are differentially expressed spatially and 

temporally (Newman et al., 2003). An analysis of the genomes of twenty-five land plants found 

the number of genes in the PPO family is generally between four and eleven in eudicotyledonous 

plants, though it varies considerably between species (Tran et al., 2012). The PPO sequences 

identified in this study showed highest similarity to the polyphenol oxidase I sequence of E. 

guttatus, a species containing nine putative PPO variants. Basil may contain a PPO gene family 

of a similar size, though significant variation between closely related species implies that it is 

difficult make such generalizations, as other dicots like cucumber and soybean contain only a 

single PPO sequence (Tran et al., 2012). It is also possible that the two varying sequences 

identified in this study instead represent different alleles or redundant genes. 

Further exploration of the basil PPO gene family is warranted. Short of genome sequencing, 

more information can be gathered about whether these sequences represent varying alleles or 

distinct genes through restriction fragment length polymorphism (RFLP) mapping studies to gain 

insight into their localization within the genome (Newman et al., 2003). The identification of 

additional genes encoding PPO can be accomplished through more extensive cloning trials or by 

bioinformatic gene prediction from genomic or transcriptomic data. Isolation of the genes 

involved in the PPO gene family presents opportunities for the study of their differential 

expression and functions. Differential expression can be studied best through quantitative PCR 

(qPCR) studies, in which the expression of these sequences in RNA extracted from basil tissues 
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of different plant organs and developmental stages can be quantified. Such studies will rely on 

knowledge of the sequence differences between variants such that variant-specific PCR primers 

can be designed. Understanding of the spatial and temporal PPO expression will inform the 

identification of the variants most appropriate for knockdown in the development of a browning-

resistant cultivar. For example, PPO expressed in the leaves will be much more important to 

regulate than PPO expressed in the roots. Therefore, further study is necessary to identify 

additional genes in the basil PPO family and to understand the intracies of their respective 

functions and localizations. 

At this time, a reproducible procedure has not been published for the transformation and 

regeneration of these varieties of basil in tissue culture, and many trials in the [PI name] lab have 

suggested that they may be recalcitrant in vitro. These difficulties have prevented the 

development of a basil plant with reduced polyphenol oxidase expression using the RNAi 

constructs developed at this time. Future success in developing regeneration protocol for basil 

may encourage further studies in polyphenol oxidase knockdown using these constructs. 

This study was successful in generating sequence data for three previously uncharacterized 

genes encoding PPO in O. basilicum and O. americanum, including two variants of the PPO 

gene in O. basilicum. This data was used for sequence alignment analysis that found notable 

homology to the published PPO sequence of E. guttatus as well as similarity between the three 

basil sequences. This work was also successful in using this sequence data for the development 

of a construct for the reduction of PPO expression via RNAi. As the project did not conclude 

with the development of a transformed plant, the major significance of the RNAi component of 

this work lies in the establishment of an adapted RNAi construct development protocol that is 

specialized for basil. 
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