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ABSTRACT

Physalis genus belongs to the Solanaceae family and is mostly a wild self-propagating orphan
fruit plant. Physalis fruit contains nutritional and phytochemical compounds of importance to
public health and is a potential ingredient for fortification of foods and beverages. In Kenya,
commercial cultivation of Physalis has significantly increased for the last decade and the farmers
are concerned about the reliability and identity of the planting material. Challenges facing the
production of planting material include difficulty in precise identification of the Physalis species
due to lack of discriminatory morphological features. DNA barcoding is an effective tool in
identification and discrimination of plant species. Therefore, the objectives of this study were to
identify and discriminate the different Physalis species in the wild and cultivated in Kenya using
DNA barcoding as well as determine the nutritional and biochemical profile of selected Physalis
accessions. To identify the Physalis species from selected Counties in Kenya, ribulose-1,5-
bisphosphate carboxylase large (rbcL) gene and internal transcribed spacer 2 (ITS2) DNA
barcodes were used. Genomic DNA was extracted from leaves and polymerase chain reaction
(PCR) amplification was carried out using ITS2 and rbcL barcodes followed by Sanger
sequencing of the amplicons. Sequences were curated and aligned along their reference
sequences based on MUItiple Sequence Comparison by Log-Expectation (MUSCLE). The
generated multiple sequence alignments were used to prepare phylogenetic trees for Physalis
species discrimination based on rbcL and ITS2 genes by Bayesian inference based on MrBayes
software. Genetic diversity, distance and polymorphism were also assessed for the Physalis
species through the use of DNA sequence polymorphism (DnaSP) software. Additionally,
assessment of Physalis species mineral content for nine representative accessions was performed
on an atomic absorption spectrophotometer and phytochemical content determined by UV-
Visible spectrophotometry. Further, the radical scavenging activity of Physalis accessions was
determined for 2,2-diphenyl-2-picrylhydrazyl (DPPH) and hydrogen peroxide radicals. Success
rate of PCR amplification and sequencing of rbcL and ITS2 genes ranged from 82% to 88% and
65% to 67%, respectively. The phylogenetic tree generated for the rbcL sequences was unable to
distinguish between Physalis species. However, the phylogenetic tree generated for the 1TS2
sequences successfully identified three species of Physalis: Physalis peruviana, Physalis
purpurea and Physalis cordata. There was low nucleotide diversity and genetic distance of
0.01333 and 0.04, respectively, for the rbcL genes while high genetic diversity and distance was
noted for the ITS2 sequences. The highest genetic diversity and distance between Physalis
species was noted between P. peruviana and P. cordata at 0.36923 and 0.703, respectively based
on ITS2 sequences. The highest genetic nucleotide diversity and distance within species was
noted for the P. peruviana at 0.26324 and 0.46, respectively, for the ITS2 gene sequences.
Tajima D values obtained indicated low frequency mutations among the Physalis sequences
based on rbcL and ITS2 barcodes. The mineral content of the Physalis accessions was
significantly different (p < 0.05) for calcium, copper, zinc, nickel and lithium between
accessions. For the phytochemicals of Physalis fruit accessions, tannic acid content was
significantly different (p < 0.05), while the phenolic acid and flavonoid contents were not
significantly different (p > 0.05). Physalis accessions DPPH radical scavenging activity was
significantly different (p < 0.05) while no significant difference (p > 0.05) was noted for
hydrogen peroxide scavenging capacity. Therefore, this study identified Kenyan Physalis
accessions based on ITS2 barcode region as P. purpurea, P. peruviana and P. cordata. The
findings also demonstrated that Physalis accessions in Kenya are rich in mineral and
phytochemical contents as well as high antioxidant properties.
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CHAPTER ONE
1.0 INTRODUCTION

1.1 Background to the study

Physalis genus is a wild plant that belongs to the nightshade (Solanaceae) family (Zhang and Tong,
2016). It is native to South American Andes either Peru or Chile, hence referred to as the Peruvian
gooseberry. Physalis is now cultivated in various regions of the world and the fruits are exported
from several countries including Colombia, Australia, New Zealand, Great Britain, Zimbabwe,
Kenya, Egypt, South Africa, Madagascar and South East Asia (Zhang et al., 2013; Ramadan and
Moersel, 2003). Colombia is the leading producer, consumer and exporter of Physalis fruits (Zhang
et al., 2013). In Kenya, the fruits are vastly seen as wild and self-propagating plants, commonly in
farms during and after harvesting of maize. Physalis has golden yellow edible fruits and inside it has
a juicy pulp with many small yellowish seeds. The fruits are protected by papery husks against
insects, birds, and adverse conditions. There is growing commercial interest in this orphan fruit crop

in Kenya because of its nutritional and pharmacological properties and health benefits.

Nutritional and phytochemical profile of Physalis has been studied to a moderate level in the Andes
(Ramadhan and Morsel, 2007). The Physalis fruit contains fat and water-soluble vitamins (B-
complex, C, A, E and K), minerals (mainly phosphorus, magnesium, potassium, zinc and calcium),
sugars (e.g., sucrose, glucose and fructose), fatty acids (palmitate, oleic and gamma linoleic acid),
phytosterols (sitosterol and stigmasterol) as well as fiber (pectin) (Puente et al., 2011; Ramadhan and
Morsel, 2003). The fruit pomace (skin and seed) contains 19.3% oil, 3.1% ash, 17.8% protein, 24.5%
carbohydrates and 28.7% crude fiber (Ramadhan and Morsel, 2007). Phytochemicals found in
Physalis include withanolides, physalins, carotenoids, phenolics and flavonoids (Puente et al., 2011).
The most studied phytochemicals are the poly phenolic compounds and they have been shown to
have anti-oxidant properties and medicinal properties (Somani et al., 2015). The key polyphenolics
include flavonoids, stilebenes, phenolic acids, coumarins and tannins (Bayir et al., 2019). The high
content of vitamins, minerals and antioxidant phytochemicals in Physalis explains its medicinal
properties such as anti-cancer, antibacterial and anti-inflammatory activity (Hong et al., 2015). P.
alkengi has been used in China to treat sore throats, tumors, urinary problems, hepatitis, eczema,
leishmaniasis and cough (Chinese Pharmacopoeia Editorial Committee, 2015). However, there is
lack of information on cultivar-specific mineral and phytochemical profiling of Physalis species
growing in Kenya. The characterization of Physalis phytochemical content has been done in Uganda

and they were able to identify several types of phytochemicals present in the plant such as phenolic



compounds and flavonoids (Kasali et al., 2021). Characterization of Physalis species and major
cultivars in terms of their nutritional and chemical composition, functional and physicochemical
properties could provide important knowledge for future utilization. The information could
accelerate the processing of value-added products from gooseberry fruits.

Due to their ethnobotanical, medical and economic applications and a wide array of species there is a
need to authenticate and identify various Physalis species for future species-specific use. Physalis
species identification ensures their appropriate utilization, germplasm conservation and formation of
future breeding programs (Feng et al., 2018). Identification of Physalis species using traditional
identification systems such as morphological appearance has resulted in misidentification due to high
similarities in phenotypic characteristics (Feng et al., 2016). Physalis minima and Physalis
pubescens are morphologically similar and present a clear challenge in their distinction using their
phenotypic characteristics only (Feng et al., 2016). Morphological identification is also affected by
environmental and physiological factors which can affect phenotypic characteristics (\Vargas-Ponce
et al., 2011; Menzel, 1951). Misidentification of Physalis can cause the loss of genetic information
due to lack of genetic conservation (Feng et al., 2018). Since morphological identification of
Physalis species has proven to be inefficient there is a need to use other robust means of genus and
species identification (Yu et al., 2021). In the Solanaceae family, identification of the Physalis genus
is also important because plants in this genus are sometimes confused with other plants such
Nicandra physalodes (Feng et al., 2016). Molecular identification of plant species has proven to be
more efficient than the use of morphology. This has been done successfully using species specific
SCAR markers and DNA barcoding (Feng et al., 2018; Feng et al., 2016; Simbaqgueba et al., 2011).

DNA barcoding entails a rapid and reliable method of genus and species identification using short
universal standardized DNA sequences (Saddhe and Kumar, 2018). DNA barcording has widely
been utilized and accepted in the identification of plants and animals (Kress, 2005). Therefore, DNA
barcoding has proved to be an effective tool in taxon identification and also in the identification of
medicinal plants (Yu et al., 2021; Dormontt et al., 2018). There are several known DNA barcodes
utilized in the identification of plants such as chloroplast genes and the nuclear ribosomal DNA
(rDNA) genes. The chloroplast DNA barcode genes including ribulose bisphosphate carboxylase
large (rbcL) and maturase (matK) have been reported to be ideal for plant barcoding studies (Kang et
al., 2017). Intergenic sequence psbA-trnH gene and the nuclear rRNA barcodes including 5.8S, 26S,
18S rRNA and internal transcriber spacer (ITS) 1 and 2 are used as supplements in plant barcoding

(Kang et al., 2017). Proper selection of plant DNA barcodes is crucial for the successful



identification of plant genus and species. Among the chloroplast DNA barcodes, the rbcL region,
which was the first plant gene to be sequenced, has proved to be highly effective and successful in
species identification for some plant genera (Ismail et al., 2020). It has a higher amplification rate
during polymerase chain reaction (PCR), better universality, and produces high quality sequences
with high success rate during sequencing (Newmaster et al., 2006). It is considered the best
characterized DNA barcode gene (Duan et al., 2019). The nuclear DNA barcodes ITS2 genes are
considered the best candidate to use in DNA barcoding due to their high species discrimination,
ability to identify diversity at the interspecies and intra-species level, high rate of success in
amplification and sequencing in plants (Kang et al., 2017). It is however important to note that the
debate on the best DNA barcode in plant species and taxon identification is still ongoing as certain
barcodes work better in the identification of specific plants (Ralte and Singh, 2021; Tran et al.,
2021).

DNA barcoding has not been previously used in the identification of Physalis species in Kenya.
Molecular markers such as simple sequence repeat (SSR) have been used in the genetic
characterization of Physalis in Kenya (Muraguri et al., 2021; Simbaqueba et al., 2011), with the
assumptions that the identity of the species was P. peruviana. Therefore, there is need to identify and
discriminate the Physalis species in Kenya for species-specific uses, genetic conservation of
vulnerable species and for use in breeding programs. The efficiency of rbcL and ITS2 DNA barcode
genes in the identification of Physalis species in Kenya was evaluated in the current study.

1.2 Problem statement

Physalis is a wild fruit producing plant that grows without human intervention in Kenyan fields after
harvesting of maize or even in forests and on the sides of the roads. It has wide application in
ethnomedicine where it is used in the deterrence and treatment of many diseases due to a rich
phytochemical profile (Hong et al., 2015). Physalis plants also have a rich nutritional profile and can
be a source of both macro- and micro-nutrients (Musinguzi et al., 2007). Most Physalis species are
morphologically similar and difficult to distinguish. P. minima and P. pubescens are highly similar in
appearance, though they have different applications in ethnomedicine. Improper identification of
these species can lead to improper utilization of the plants (Feng et al., 2016). There is a lack of a
database of Physalis species and accessions growing in Kenya as well as studies on their genetic
diversity. The lack of genetic diversity studies of the plant in Kenya is also a risk to genetic loss of
this important fruit. This can lead to the extinction of important species and accessions due to climate

change and urbanization as the plant mostly grows without human intervention in bushes and forests.



There is a need to identify and genetically characterize Physalis species to initiate proper utilization

and conservation as well as its genetic improvement through breeding programs.

1.3 Justification

Physalis fruits have high nutritional value, and pharmacological properties due to their rich
phytochemical profile and many health benefits. This plant is rich in vitamins, minerals and soluble
sugars (Puente et al., 2011; Ramadhan and Morsel, 2007). The medicinal usages indicate that it
might be rich in a plethora of phytochemicals (Puente et al., 2011). However, it is underutilized in
Kenya due to a lack of information on the nutritional and biochemical profiles of the accessions
growing in the Country. Assessment of the nutritional and phytochemical content of Physalis
accessions growing in Kenya could support the utilization of the plants as sustainable resource for
the development of biofortified foods and also promote their use as natural source of antioxidants.
Molecular identification and characterization of Physalis species has majorly been done in Colombia
and China (Chacon et al., 2016; Feng et al., 2016). Precise identification of Physalis species is
crucial to ensure safe utilization especially for medicinal applications, like in any other medicinal
plants; it is paramount to prevent improper use (Feng et al., 2016; Menzel et al., 1951). Molecular
identification could also ensure the maintenance and conservation of Physalis genetic resources to
prevent the loss/extinction of important species and accessions and also help in the development of
breeding programs to create hybrids. For breeding purposes, information on accurate identification of
the different species is fundamental. DNA barcoding is the most effective and emerging method of

molecular identification of different species in plants.

1.4 Objectives
1.4.1 Main objective
The main objective of the study was to determine the mineral and phytochemical profiles of Physalis

accessions and the genetic relationships of Physalis species using DNA barcoding.

1.4.2 Specific objectives
1. To determine the mineral composition, phytochemical content, antioxidant activity and
identity of indigenous Physalis accessions from Sorget forest, Kericho County, Kenya.
2. To determine the identity and genetic diversity of Physalis accessions in Kenya using their
DNA sequences and RNA secondary structural information of their ITS2 barcode.
3. To determine the identity and genetic diversity of Physalis accessions in Kenya using copDNA

gene sequences.



4.

To investigate the species resolution ability of nuclear (ITS2) and chloroplast DNA (rbcL)

loci in 64 accessions of Physalis collected in Kenya.

1.5 Null Hypotheses

1.

Physalis accessions growing in Kenya are not rich in nutrients, minerals, phytochemicals and
lack anti-oxidant activity.

Physalis species growing in Kenya cannot be discriminated based on sequences and RNA
secondary structures of their ITS2 barcode.

Physalis species growing in Kenya cannot be discriminated based on cpDNA gene
sequences.

Physalis species and their accessions are not genetically diverse and have low level of
nucleotide polymorphism based on nuclear and cpDNA sequences.



CHAPTER TWO
2.0 LITERATURE REVIEW

2.1 The Genus Physalis

Physalis is a genus that belongs to the Solanaceae (nightshade) plant family. Physalis was first
described by Linnaeus in 1753. There are more than 90 known species of Physalis that grow in the
temperate and tropical regions of the world (Zimmer et al., 2019). Most species of Physalis are
found in the Andes and America with few originating in Europe and Asia (Seleem and Nassar, 2021;
Whitson and Manos, 2005). In China five Physalis species and two varieties have been identified
(Chinese Academy of Sciences, 1978). In Mexico and China, P. peruviana, P. pubescens, Physalis
alkekengi and Physalis philadelphica are extensively cultivated for their edible fruits which are rich
in nutrients and phytochemicals that confer them with medicinal properties (Zamoras-Tavares et al.,
2015; Wei et al., 2012).

Physalis species are considered annual or perennial flowering herbs that can also be woody at their
base and are creeping plants (Zimmer et al., 2019). The leaves of Physalis species have soft texture,
are alternate, petioled and angled. Their flowers are mostly yellowish, whitish or blue with extra
axillary pedicles. They have a bladder like calyx that is five-toothed and encloses yellowish-green

berries that are pulpy in the inside with small, flat and rounded seeds (Figure 2.1.) (Bailey, 1949).

Figure 2.1. Plant morphology of Physalis accessions.

A: represents a photograph of mature Physalis fruits; and B: represents a Physalis plant



2.2 Distribution and economic importance of Physalis

The plant being native to the Andes has been naturalized in other parts of the world such as Asian
and African countries. The Physalis plants are mainly grown, consumed and exported for income in
Colombia. The economic value of Physalis in Colombia is linked to the high demand for fruits in the
European market (Alvarez-Florez et al., 2017; Ordofiez et al., 2017). Other exporters of Physalis
plants include Madagascar, New Zealand, Uganda, Australia, Zimbabwe and Kenya (Zhang et al.,
2013; Ramadan and Moersel, 2003). Physalis plants are considered important for income generation,
as food and for medicinal purposes.

2.3 Nutritional profile of Physalis fruits

The nutritional profile of Physalis fruits has shown that they contain unique bioactive compounds.
These compounds include withanolides, physalins, vitamins such as A, C, E, K and B complex,
carbohydrate sugars and particularly rich in sucrose, glucose and fructose (Zhang et al., 2013;
Ramadhan, 2011; Puente et al., 2011; Zhao, 2007). Sucrose levels are usually higher than glucose.
Fructose is less than sucrose and glucose but is important for diabetic patients as a source of energy
(Puente et al., 2011). It is also rich in fiber such as pectin which is an intestinal regulator and is also
used in the preparation of jams and jellies (Gironés-Vilaplana et al., 2014). Other studies have
indicated that Physalis is a good source of polyunsaturated fatty acids which are essential fats. It has
been noted to have 0.2% fatty acids of different types such as palmitic acid, palmitoleic acid, oleic
acid, linoleic acid and gamma-linolenic acid (Rodrigues et al., 2009; Ramadhan and Morsel, 2003).
Foods that have high linoleic acid content prevent the development of hypertension and
cardiovascular diseases (Ramadhan and Morse, 2003). The fruit also contains phytosterols such as
ergosterol (9.23 g/kg) and stigmasterol (6.23 g/kg) (Ramadhan and Morsel, 2003). Another study
showed that the most abundant phytosterol is campesterol but the fruits also contain stigmasterols
and sitosterols. The phytosterol content is thought to play an important role in the ability of the fruit
to lower cholesterol levels (Puente et al., 2011). The leaves of Physalis angulata have a high
concentration of fatty acids (Ogundajo et al., 2015). The ascorbic acid content of the fruit is higher
compared to those of other common fruits (Rosa et al., 2023). However, the ascorbic acid level of
Physalis is comparable to that of orange (50 mg/100ml) and strawberry (60 mg/100ml) fruits
(Ramadan and Morsel, 2003; Belitz and Grosch, 1999). P. peruviana in particular has a high amount

of vitamins C, A and B complex (Puente et al., 2011).

Physalis plants have been studied for the presence of essential trace elements (minerals). Physalis

contains phosphorus, zinc, iron, potassium, magnesium and calcium (Rodrigues et al., 2009;



Musinguzi et al., 2007). The iron content of P. peruviana was noted to be higher than in regular
sources such as beans (Rodrigues et al., 2009). These minerals are thought to be important for fruit
health and also confer the fruit with some of its functional properties. Zinc for example is thought to
be a non-enzymatic antioxidant and is thought to attribute to the anti-oxidant activity of the fruit even

at low concentrations (Puente et al., 2011).

2.4 Phytochemical profile of Physalis fruits

Phytochemical activity of Physalis has majorly been attributed to the presence of withanolides,
physalins, phenolics, flavonoids and carotenoids (Puente et al., 2011; Wu et al., 2006). Withanolides
are steroidal lactones that have biological properties such as insect repellant and anti-feedant, anti-
tumor, anti-inflammatory, antibacterial, immune-modulatory and cytotoxic activity (Ahmad et al.,
1999). Lan et al. (2009) demonstrated the presence of seventeen withanolides found in Physalis
including withanolide E and 4-beta-hydroxy-withanolides that have anticancer activity (Lan et al.,
2009). Carotenoids found in Physalis majorly include all-trans-beta-carotene as well as others such
as 9-cis-beta-carotene and all-trans-alpha-cryptoxanthin (Puente et al., 2011). Physalins which are
simply immunosuppressive substances are also found in Physalis. Those isolated include; physalins
A, B, D and glycosides which have been credited with anti-cancer activity (Wu et al., 2004). Due to
the high antioxidant properties, the fruit has been used in folk medicine to treat ailments such as
malaria, asthma, dermatitis, hepatitis and rheumatism (Wu et al., 2004). Phytochemicals such as
polyphenols and terpenes have been identified in P. minima, P. angulata and P. peruviana (Kasali et
al., 2021; Ogundajo et al., 2015; Usaizan et al., 2014). Among the Malayali tribe in Kolli Hills of
India the whole P. peruviana plant extract is used in the treatment of skin diseases (Anjalam et al.,
2016). Other Indian tribes such as Manjoor, Thiashola and Western Ghats use the seeds and leaves of
P. peruviana to treat glaucoma and jaundice (Sharmila et al., 2014). Studies have shown that the fruit
of Physalis also has antihelminthic properties as well as playing an important role in the

strengthening of the optic nerve due to its high vitamin A content (Arun and Asha, 2007).

2.4 Genetic characterization of plants

Molecular characterization studies in plants help to identify and discriminate the species of plants,
assess the genetic relatedness of species and describe their germplasm. Genetically diverse plants
have better chances of survival in changing environmental conditions (Chacén et al., 2016). Any
information achieved from genetic diversity studies of natural and cultivated crops helps to identify

variation in plants. This is essential for crop breeding programs and improves the value of crops



(Grandillo, 2014). This information also prevents loss of diversity as a result of the extinction of

plant species due to the effects of climate change.

2.4.1 Use of molecular markers in genetic characterization of plants

The development and utilization of molecular markers to determine plant genetic diversity is
important for molecular genetic studies (Idrees and Irshad, 2014). Markers majorly show
polymorphism which can arise due to mutations in the genome loci (Amiteye, 2021). Plant molecular
markers are used in the identification of cultivars, genetic diversity assessment and marker assisted
crop breeding (Collard et al., 2005). The properties of good molecular markers include easy to use
and rapid results, easily available, co-dominant inheritance, reproducible, highly polymorphic,
recurrent occurrence in the genome and they should be selectively neutral to environmental changes
(Idrees and Irshad, 2014). Genetic characterization and diversity can be assessed using dominant
molecular markers, co-dominant molecular markers and DNA barcoding techniques. Some of the
dominant molecular marker techniques include DNA amplified fingerprinting (DAF), inter-simple
sequence repeats (ISSR), random amplified polymorphic DNA (RAPD) as well as amplified
fragment length polymorphism (AFLP). Co-dominant molecular marker techniques include simple
sequence repeats (SSR), sequence characterized amplified regions (SCARs), cleaved amplified
polymorphic sequence (CAPS) as well as restriction fragment length polymorphism (RFLP)
(Govindaraj et al., 2015). Co-dominant markers are preferred in genetic diversity studies over

dominant markers because they show heterozygosity (Idrees and Irshad, 2014).

2.4.2 DNA barcoding in genetic characterization of plants

DNA barcoding is a novel technique that uses short regions on a DNA molecule to classify species
(Hebert et al., 2004). It is an important technique for understanding how to conserve the biodiversity
of plants (de Vere et al.,, 2015). DNA barcoding of plants is not only important in species
discrimination but can also be used to assess intraspecific and interspecific variation during genetic
diversity studies (Li et al., 2015). DNA barcoding for assessment of genetic diversity requires the
presence of individual plant barcodes studies to have successful genetic variation analysis (Li et al.,
2015).

Terrestrial plants have their DNA barcode markers in the coding regions of chloroplast and
mitochondria, especially the part of the genes rbcL and matKk DNA sequences (Li et al., 2015). The

ideal barcode locus for identification and discrimination of plants is still debatable as the



performance of each barcode differs among different genera of plants. The two chloroplast barcodes
rbcL and matK are considered ideal loci for the identification of plants and were proposed as the
preferred plant barcode loci by the Consortium for the Barcode of Life (CBOL) (CBOL Plant
Working Group A, 2009). Although rbcL and matK are considered standard barcodes for plants they
do not perform well in species discrimination due to their high rate of conservation within and
between species (Li et al., 2014). Their low sequence variation provides poorly resolved
phylogenetic trees, which means they cannot discriminate species but can authenticate the plant
genus of the plants (Li et al., 2014). Other plant barcodes include chloroplast barcodes psbA-trnH,
atpF, atpH and ycf 1 (Chase et al., 2005, Kress, 2005).

The mitochondrial DNA barcode cytochrome oxidase 1 (CO 1) can be used in the identification of
both plant and animal species (Kress, 2005). The DNA barcode CO 1 is largely preserved across
species that use oxidative phosphorylation for energy production (Hebert et al., 2003). This barcode
is rarely used in plant species discrimination due to low genetic variation associated with a low rate
of mutation (Kress, 2005). It is however considered a standard barcode in the discrimination of
animals (Yao et al., 2010). In animals, mitochondrial genes are preferred in species discrimination
due to their lack of introns (Yao et al., 2010). Other mitochondrial barcodes for animals include cytb,
12S ribosomal ribonucleic acid (rRNA) and 16S rRNA (Yang et al., 2018).

Nuclear barcodes for plants are ITS1 and ITS2 obtained from the ITS region (Yao et al., 2010). ITS2
is considered a secondary barcode for the identification of plants and is preferred over the whole ITS
region as it has a short length and high efficiency in PCR amplification (Han et al., 2013; Chen et al.,
2010). It has been proposed that the ITS2 region be used as the standard barcode for phylogenetic
analysis and species discrimination of plants (Zhao et al., 2015; Chen et al., 2010; Shultz and Wolf,
2009). This is due to its high interspecific and low intraspecific variation, available conserved

regions for universal barcode design and ease of amplification (Yao et al., 2010).

Differences in the efficiency of DNA barcodes can be demonstrated whereby in the study of the
genus Aquilaria there was more genetic variation observed for the matK loci than rbcL, and this
made species identification using matK more robust (Thitikornpong et al., 2018). The barcode matK
has also shown better species discrimination of the genus Dioscorea as compared to rbcL and psbA-
trnH (Sun et al., 2012). The matK barcode is considered strong but not perfect for the identification
of plant species (Sun et al., 2012). In another study for the species discrimination of jewel orchid

accessions rbcL gave better species discrimination than matK or a combination of the two genes (Ho
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et al., 2021). A study on the discrimination of Calligonum species using four DNA barcodes (rbcL,
matK, psbA-trnH and trnLF) showed an inability for any of the individual barcodes to discriminate
species (Li et al., 2014). However, in a study of the same species, a combination of the three
barcodes rbcL, matK and trnLF provided a slight improvement in species discrimination (Li et al.,
2014). The barcode psbA-trnH, a non-coding chloroplast marker within the intergenic region, has
effectively identified species rich genera Pedicularis, Primula, Rhododendron and Parnassia (Pang
et al., 2012). A combination of psbA-trnH and ITS2 showed better species discrimination than the
use of the psbA-trnH barcode alone (Pang et al., 2012). ITS2 has mostly shown low amplification
and sequencing efficiency as compared to chloroplast barcodes but better resolution of species due to
its high interspecific variation (Acharya et al., 2022; Tripathi et al., 2013). ITS2 can also help assess
secondary structures for RNA which helps in understanding the mechanism of RNA molecules and
its ability to demonstrate polyphyletic phylogeny can be used in genetic divergence studies (Acharya
et al., 2022).

2.5 Molecular markers in identification and genetic characterization of Physalis plants

Physalis accessions have been characterized using different types of molecular markers such as
SNPs, InDels, SSR markers and DNA barcoding (Ralte and Singh, 2021; Muraguri et al., 2021; Feng
et al., 2016; Garzén-Martinez et al., 2015; Simbaqueba et al., 2011). Few studies have used SSR
markers in the characterization of Physalis species (Feng et al., 2023; Muraguri et al., 2021,
Simbaqueba et al., 2011). A study has shown that identification of plants based on morphological
characteristic is more reliable and authentic than the use of SSR markers (Yin et al., 2023). This
study indicated that SSR molecular markers cannot replace morphological markers but a
combination of the two would be more accurate and reliable in plant variety identification (Yin et al.,
2023). Therefore, SSR markers are not very efficient in species discrimination but can provide robust

data on genetic diversity of plants.

Physalis is categorized as an orphan fruit crop, therefore, there is very little information on its
genetic diversity. It is important to understand the diversity of Physalis as this information will assist
in developing crossbreeding strategies and conservation methods for the various species identified
(Garzon-Martinez et al., 2015). Genetic diversity of Physalis has been studied in Colombia where
the plant mainly grows as a wild fruit and also cultivated for commercial purposes (Garzon-Martinez
et al., 2015; Chacén et al., 2014). In Colombia, the genetic diversity of the Physalis was assessed

using single nucleotide polymorphisms (SNPs) and InDels derived from immunity regulated genes
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(IRG) and conserved ortholog set (COS) Il markers. The studies demonstrated that there were
moderate to high genetic diversity in P. peruviana and related taxa species in Colombia (Garzon-
Martinez et al., 2015). Recommendations indicated a need to further analyze the genetic diversity of
the fruit in other parts of the world where it is available (Garzon-Martinez et al., 2015). Other
markers that have been used to assess diversity of Physalis include random amplified microsatellites
(RAM) for genetic diversity studies of Colombian Physalis spp and showed high heterozygosity
(Morilla-Paz et al., 2011). Molecular markers used in tomato characterization such as SSRs, InDels
and COS have also been utilized in determining Physalis genetic diversity. However, due to the fact
that Physalis and tomatoes are only related at the family level, high polymorphism detected (Garzén-
Martinez et al., 2015). Genetic diversity of Physalis spp., from Indonesia has been assessed based on
SSR markers and revealed high intraspecies variation amongst the Physalis accessions studied
(Sadiya et al., 2021). The SSR markers have also been used to assess the genetic diversity of
Physalis in Kenya and identified a high diversity amongst accessions studied (Muraguri et al., 2021).
However, the species identity of the Physalis accessions used in the study was not known. In China,
the recent use of SSR markers in assessment of genetic diversity of P. angulata has shown
considerable diversity among the accessions within the species (Feng et al., 2023). There are limited
studies that have focused on assessing the genetic diversity of Physalis species and their accessions
using DNA barcode genes. More work needs to be done on determining interspecific and
intraspecific genetic diversity of Physalis accessions based on chloroplast and nuclear DNA
barcodes. Genetic diversity of Physalis plants has also been assessed using morphological and
physicochemical traits (Santos et al., 2022; Usaizan et al., 2018). Understanding the genetic diversity
of plants is key in establishing proper breeding programs and ensuring conservation of rare and

endangered species and cultivars.

2.6 DNA barcoding in species discrimination and genetic characterization of Physalis
accessions

The identification of Physalis accessions and assessment of their genetic diversity based on DNA
barcodes has not been widely studied. However, much of the work that has been done has shown that
DNA barcodes have a high efficiency in species discrimination based on BLASTn analysis and
phylogenetic analysis (Feng et al., 2018; Feng et al., 2016). DNA barcodes such as 1TS2, rbcL, matK
and psbA-trnH have been utilized in the characterization of Physalis accessions (Ralte and Singh,
2021; Rosario et al., 2019; Feng et al., 2018; Feng et al., 2016). In one study the barcode psbA-trnH
was able to facilitate the identification of Physalis accessions from China as P. angulata, Physalis

alkekengi var. franchetti, P. pubescens and P. peruviana (Feng et al., 2018). In another study of
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Physalis accessions from China, the ITS2 RNA secondary structures facilitated the identification of
Physalis greenmanii, Physalis hintonii, P. alkekengi and P. alkekengi var. franchetti (Feng et al.,
2016). DNA barcoding has been considered more robust in species discrimination of plants than
other molecular markers. Combining two DNA barcode markers in species discrimination provides

more robust species identification (Parmentier et al., 2013).

2.6.1 DNA barcoding in species discrimination of Physalis accessions

Physalis accessions in China have been discriminated using the psbA-trnH barcode marker which
showed high efficiency at discrimination based on BLASTnN analysis and phylogenetic analysis
(Feng et al., 2018; Feng et al., 2016). In a study by Feng et al. (2016), species like P. greenmanii and
P. hintonii were identified. Furthermore, the identification of Physalis as an ethno-medicinal plant
within the Solanaceae family has been documented based on ITS2 and rbcL genes (Ralte and Singh,
2021). Another study conducted in China utilized the ITS2 barcode to effectively identify Physalis

accessions through BLASTn analysis and near distance methods (Feng et al., 2016).

2.6.2 DNA barcodes in assessment of genetic diversity of Physalis accessions

Due to the status of Physalis as an orphan plant, few studies are focusing on its genetic diversity.
Information on genetic diversity of Physalis plant would provide important details to breeders for
selection parents for breeding programs and conservation of endangered species and accessions from
extinction (Delgado-Bastidas et al., 2019). Conservation of the species Physalis peruviana L. in
Colombia entails the preservation of domesticated and wild type germplasms in research centers and
Universities (Simbaqueba et al., 2011). Molecular characterization of Physalis peruviana in
Colombia has largely been done using SSR markers which are ideal in population genetics studies
due to their high co-dominant and polymorphic inheritance (Juyo6 et al., 2015). The intraspecific and
interspecific genetic divergence of Physalis accessions in China has been studied with the results
indicating that the accessions had higher interspecific variation than intraspecific variation based on
the psbA-trnH barcode (Feng et al., 2018). Intraspecific divergence of Physalis accessions from

China was noted to be low using the ITS2 barcode (Feng et al., 2016).

2.7 ITS2 RNA secondary structures in discrimination of plant species
The ITS2 barcode is a spacer nuclear gene in plants that has a high level of interspecific and
intraspecific variation and can be used in species discrimination among various plant genera (Anaz et

al., 2021). This gene is important in ribosome synthesis and its secondary and tertiary structures are
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crucial for this function (Zhang et al., 2020). Despite its variation among species and its rapid
evolution it must maintain specific RNA secondary structures that provide the functionality of the
ribosome (Zhang et al., 2020). The RNA secondary structure of the 1TS2 gene can also facilitate
species discrimination above the generic level and this makes ITS2 efficient in species
discrimination (Coleman, 2003). ITS2 secondary structure comparison among plant species can also
help divulge the level of divergence of genes within species and also provide visual differences of

various plant species (Anaz et al., 2021).

ITS2 gene sequences and RNA secondary structures have been used in species discrimination of
genus Achyranthes with 100% success in correct identification of species (Singh et al., 2020). ITS1
and ITS2 secondary structures have been used to successfully discriminate Nepenthes species with
enhanced resolution (Saidon et al., 2023). Therefore, the use of ITS2 secondary structure in species
discrimination has been widely successful for different plant genera. ITS2 secondary structure
discrimination for Physalis has not been widely studied but in the few studies done species
discrimination was successful. The ITS2 secondary structures have been successfully used in
discrimination of Physalis species from China such P. greenmanii, P. alkekengi, P. hintonii and P.
alkekengi var. franchetti (Feng et al., 2016). Identification of plants species using ITS barcode
sequences and their secondary structures can therefore provide an efficient and robust analysis which
can be used as a basis for the conservation and utilization of plant genetic resources. No study has
been done to use the ITS2 RNA secondary structures to discriminate Physalis species in Kenya.
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CHAPTER THREE
3.0 Determination of mineral composition, phytochemical content, antioxidant activity and

identity of Physalis accessions from Sorget forest, Kericho County, Kenya

3.1 Introduction

Indigenous varieties adapted to a particular region are ideal resilient crops for climate change
adaptation but are neglected and often lost due to the rapid domestication of commercial cultivars.
Restoring such plant species would empower local farmers and provide huge economic and
nutritional benefits. One such underutilized wild plant species is of the genus Physalis and belongs to
the Nightshade (Solanaceae) family (Afroz et al., 2020). Physalis species are native to the Peruvian
and Ecuadorian Andes region of South America; hence, it is referred to as the Peruvian gooseberry
(Feng et al., 2016), although some are also native to Southeast Asia and Eurasia (Wei et al., 2012).
Studies of Physalis in China have identified five species including P. alkekengi, P. angulata, P.
pubescens, P. peruviana, and P. minima and two variants of P. alkekengi (Chinese Academy of
Sciences, 1978). Physalis species such as P. philadelphica, P. peruviana, and P. pubescens are
grown in various parts of the world (Sang-Ngern et al., 2016). Physalis fruits are exported from
several countries including Colombia, Australia, New Zealand, Great Britain, Zimbabwe, Kenya,
Egypt, South Africa, Madagascar, and South East Asia (Zhang et al., 2013; Ramadan and Moersel,
2003). The largest producer, consumer, and exporter of Physalis fruits is Colombia (Zhang et al.,
2013). In Kenya, the fruits are seen in vast numbers as wild and self-propagating plants, commonly
in farms during and after the harvesting of maize. Currently, there is growing commercial interest in
this fruit crop because of its nutritional and pharmacological properties and health benefits. The key
steps involved in the proper utilization of this indigenous plant species are accurate identification and
authentication.

Taxonomic identification and morphological characterization are the most common methods of plant
authentication, although they are limited by environmental or physiological factors and the
developmental phase of the plant species (Menzel, 1951). Employing molecular tools such as DNA
barcoding could be more successful in species identification. DNA barcoding requires a short
universal DNA sequence that exhibits a sufficient level of variation to discriminate species
(Barcaccia et al., 2015, Hebert et al., 2003). The proposed plant DNA core barcodes from the
Consortium for the Barcode of Life (CBOL) Plant Working Group comprise the chloroplast gene
large subunit of ribulose bisphosphate carboxylase (rbcL) and matK with the psbA-trnH intergenic

sequence and internal transcribed spacer (ITS), and a nuclear gene as the supplement barcode (Kang
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et al., 2017). Chloroplast DNA barcodes such as matK and rbcL have been used in many
phylogenetic and plant species identification analyses (Feng et al., 2018). The nuclear internal
transcribed spacer 2 (ITS2) barcode has also been demonstrated to exhibit 100% species
identification and discrimination statistics in plants due to its high intra- and interspecific divergence
(Zhao et al., 2018). Currently, there is lack of information on the genetic characterization of

indigenous Physalis plants from the wild in Kenya.

The nutritional and phytochemical profiles of Physalis have been studied to a moderate level in the
Andes (Ramadan and Moersel, 2007). The Physalis fruit contains fat and water-soluble vitamins (B-
complex, C, A, E, and K), minerals (mainly phosphorus, magnesium, potassium, zinc, and calcium),
sugars (e.g., sucrose, glucose, and fructose), fatty acids (palmitate, oleic, and gamma linoleic acid),
phytosterols (sitosterol and stigmasterol), and fiber (pectin) (Puente et al., 2011; Ramadan and
Moersel, 2003). The fruit pomace (skin and seed) contains 19.3% oil, 3.1% ash, 17.8% protein,
24.5% carbohydrates, and 28.7% crude fiber (Ramadan and Moersel, 2007). The phytochemicals
found in Physalis include withanolides, physalins, carotenoids, phenolics, and flavonoids (Puente et
al., 2011). A review study states that the most studied phytochemicals are the polyphenolics, which
have antioxidant properties and many health-related benefits (Somani et al., 2015). The key
polyphenolics include flavonoids, stilebenes, phenolic acids, coumarins, and tannins (Bayir et al.,
2019). The Physalis plant’s high content of vitamins, minerals, and antioxidant phytochemicals gives
it medicinal properties such as anti-inflammatory activity and this has been specifically determined
for P. alkekengi species (Hong et al., 2015). The characterization of the nutritional and bioactive
properties of cultivated and wild fruits of P. peruviana growing in the northern Argentinian region
identified several types of phytochemicals present in the plant, such as flavonoids and tannins
(Bazalar Pereda et al., 2019). However, the mineral composition, phytochemical profile, and

antioxidant activities of wild fruits of Physalis growing in Kenya have not yet been characterized.

The current study aimed to identify and assess the rbcL and ITS2 gene barcodes to discriminate
indigenous Physalis accessions collected from the forest. The mineral and phytochemical content as
well as antioxidant activities of ripe fruits were also evaluated to determine if they are nutrient-rich
so that they could be used as sustainable resources for the development of biofortified crops and also

promoted as a natural source of antioxidants.
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3.2 Materials and methods

3.2.1 Sampling of plant material

Leaves and mature fruits of 10 Physalis plants were collected based on purposive sampling in April
2019 from different spots in Sorget forest in Londiani area of Kericho County, Kenya (Figure 3.1.).
The area is located at an elevation of 2528 m above sea level and a latitude of 0.0684° S and a
longitude of 35.5548° E (Appendix 1A).
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Figure 3.1. Map showing the location of Physalis accessions sampling in Londiani, Kericho County,
Kenya.

The collected Physalis plant samples were identified by the taxonomist Mr. Patrick Mutiso and the
samples were preserved in the University of Nairobi herbarium in the Department of Biology (Codes
of Voucher Specimens: KP/UON2019/001- KP/UON2019/010). Ten Physalis plants were sampled
for their fruits and leaves based on the availability and ripeness of the fruits. The maturity of the
fruits was assessed based on the color of the fruit. Ripe fruits had a yellow to orange color. The
leaves were used for the molecular identification of the plant species, while the fruits were used for
the study of the nutritive value and functional attributes. The collected leaf and fruit samples were
wrapped with aluminum foil, kept in an ice box and transferred to the Molecular Biology Laboratory
in the Department of Biochemistry, University of Nairobi. The leaf samples were kept at —80 °C
prior to genomic DNA extraction. The fruit samples were utilized immediately upon arrival at the

laboratory for the extraction of phytochemicals and the determination of the mineral content.
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3.2.2 Molecular authentication of Physalis plants

3.2.2.1 Isolation of genomic DNA from leaves of Physalis accessions

Isolation of genomic DNA from leaves of Physalis accessions was performed using the
cetyltrimethylammonium bromide (CTAB) method Dellaporta et al., 1983). Ribonuclease A (RNase,
0.6 mg/mL) was added to the DNA accessions followed by incubation at 37 °C in a water bath for 30
min to eliminate any contaminating RNA. The integrity of the extracted genomic DNA was verified
using 0.8% (w/v) agarose gel stained with ethidium bromide (0.5 pg/mL) and viewed under UV
transilluminator in Gel Doc™ EZ Imaging System (BioRad, Hercules, CA, USA). DNA was stored

at —20 °C until use in the molecular analysis.

3.2.2.2 Polymerase chain reaction (PCR) amplification and sequencing

Polymerase chain reaction (PCR) amplification was performed using the DNA barcoding primers
rbcL and ITS2 (Table 3.1). DNA amplification was conducted using a One Tag® Hot start 2x master
mix with standard buffer (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s
instructions. Amplification was conducted in a Veriti, 96-well Thermal Cycler (Thermo Fischer
Scientific, Waltham, MA, USA). Optimization was performed in order to acquire the best conditions
for PCR amplification. The annealing temperature for both primers was optimized at the following
temperatures: 50 °C, 51 °C, 52 °C, 54 °C, 56 °C, and 58 °C. The best optimum cycling conditions for
both primers were used for the PCR amplification of the DNA samples (Table 3.1). The amplicons
were confirmed using 1% agarose gel stained with ethidium bromide (0.5 pg/mL) under a UV
transilluminator in the Gel Doc™ EZ Imaging System (BioRad, Hercules, CA, USA). Amplicons
were cleaned using a gel clean up kit (Applied Biosystems, Thermo Fischer Scientific, Waltham,
MA, USA) and sent for sanger sequencing at the University of Nairobi (UoN) Center of Excellence
in HIV Medicine (CoEHM) using a 3730 s DNA analyzer (Thermo Fischer, Waltham, MA, USA).
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Table 3.1. Oligonucleotide primers used for PCR amplification and optimum PCR cycling

conditions
Barcode
) Primer Name  [Primer Sequence (5' to 3’) PCR Conditions
Region
ITS2 ITS2-F CCTTATCATTTAGAGGAAGGAG 1 cycle of 94 °C 5 min;
30 cycles of 94 °C 30 s,
ITS2-R TCCTCCGCTTATTGATATGC 58 °C 45 s, and 72 °C 1 min;
72 °C 7 min
rbcL rbcL-1-F ATGTCACCACAAACAGAA 1 cycle of 94 °C 5 min;
30 cycles of 94 °C 30 s,
rbcL-74-R TCGCATGTACCTGCAGTAGC 58 °C 45 s, 72 °C 1min;
72 °C 7 min

3.2.2.3 Sequence and phylogenetic analysis

The sequences of each barcode were edited manually in the BioEdit software version 7.2.5.0 (Hall,
1999). The BioEdit software successfully recognized and opened the auto sequencer trace files for
the sequenced ITS2 and rbcL genes from the Physalis accessions. In every instance of sequence
editing the chromatogram trace was adjusted with the horizontal and vertical scale bars so as to
observe the peaks of the trace. The editable notepad file comprising the sequence was opened and
copied to get a duplicate that was edited without changing the original sequence. The called bases on
the chromatogram trace were then visualized and editing of the sequence for pseudobases was done
by observing the color-coded peaks on the chromatogram trace below the pseudobase and replacing
the pseudobase with the correct base. Edited sequences were then saved under the FAST All
(FASTA) format in preparation for Basic Local Alignment Search Tool for nucleotides (BLASTn)

analysis.

The edited sequences were compared with the available nucleotide sequences in the GenBank
database. The sequences were blasted in the NCBI GenBank BLASTn database to determine the
sequence homology with other deposited ITS2 and rbcL sequences (https://blast.nchbi.
nim.nih.gov/Blast.cgi accessed on 10 February 2023). The identification of Physalis species was
based on the least expected value (E-value), highest query coverage, and similarity percentage. The
obtained sequences were also assembled and aligned using the MUSCLE algorithm. Multiple
sequence alignment (MSA) of ITS2 and rbcL sequences in this study and the reference sequences

retrieved from the NCBI database was performed using the MUSCLE software version 3.8 (Edgar,
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2004). This MSA was used in the preparation of a phylogenetic tree. The ITS2 and rbcL sequences
were also aligned separately using MUSCLE, and viewed and trimmed on Jalview version 2.11.2.6
to obtain uniform sequence lengths (Troshin et al., 2018; Troshin et al., 2011). Two MSAs were
prepared separately for ITS2 and rbcL sequences without use of their reference sequences and were
used in the genetic diversity, nucleotide polymorphism, neutrality test, and automatic barcode gap
discovery (ABGD) analysis. All MSAs attained were compressed using ESPript 3
(http://espript.ibcp.fr accessed on 12 February 2023) (Robert and Gouet, 2014). The ITS2 and rbcL
sequences were submitted to NCBI GenBank through a web-based sequence submission tool and

accession numbers were assigned.

Phylogenetic trees were constructed based on the Bayesian inference (Bl) method using MrBayes
version 3.2.7 (https://nbisweden.github.io/MrBayes/ accessed on 12 February 2023). Statistical
analysis was performed using the posterior distribution of the model parameter, which was estimated
using the Markov chain Monte Carlo (MCMC) method (Ronquist et al.,, 2012; Ronquist and
Huelsenbeck, 2003; Huelsenbeck and Ronquist, 2001). MCMC sampling was performed over
18,000,000 generations at a sampling frequency of 1000 and the first 25% (relburnin = yes
burninfrac = 0.25) of samples were discarded when estimating the posterior probabilities of the trees.
After 18,000,000 generations, the analysis was stopped when the average standard deviation of the
split frequencies was less than 0.01 and tree parameters were summarized. The constructed
phylogenetic trees were visualized and modified using the FigTree software version 1.4.4

(http://tree.bio.ed.ac.uk/software/figtree/ accessed on 12 February 2023).

3.2.3 Analysis of genetic divergence

DNA divergence within Physalis accession populations based on ITS2 and rbcL sequences was
determined using the DnaSP software version 6.12.03 (Kartartsev, 2011). The multiple sequence
alignment (MSA) for Physalis accessions based on either the ITS2 or rbcL marker was uploaded into
the software and various parameters for the divergence were determined. The number of
polymorphic segregating sites (S), nucleotide diversity, and the total number of substitutions were

assessed as outlined by the Jukes and Cantor algorithm on DnaSP.

3.2.4 Determination of genetic distance within Physalis accessions
Intraspecific genetic distances and the overall mean distance of Physalis accessions based on the
ITS2 and rbcL sequences were determined using the Kimura 2 parameter (K2P) model with the

gamma distribution and a gamma parameter of 0.27 using MEGA version 11.0 (Kumar et al., 2018).
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Sequence genetic distance was determined using multiple sequence alignments for Physalis

accessions based on ITS2 and rbcL markers.

3.2.5 Nucleotide polymorphism

DNA polymorphisms of the ITS2 and rbcL sequences were assessed in all the Physalis accessions.
The DNA sequence Polymorphism (DnaSP) software version 6.12.03 was utilized in the DNA
polymorphism analysis for ITS2 and rbcL sequences of all Physalis accessions. The DNA
polymorphism parameters determined were polymorphic segregating sites, singleton and parsimony

informative sites, the nucleotide diversity, and the average number of nucleotide differences.

3.2.6 Tajima’s neutrality tests

Tajima’s neutrality test for both ITS2 and rbcL sequences of Physalis accessions were determined to
estimate the frequency of mutations among species (Tajima, 1989). The Tajima’s neutrality test
determined the Tajima D value among the ITS2 and rbcL sequences of Physalis accessions using the
MEGA 11.0 software (Tamura et al., 2021; Nei and Kumar, 2000). The analysis involved nine and
ten ITS2 and rbcL sequences of Physalis accessions, respectively. The codon positions included were
1st + 2nd + 3rd + noncoding for the rbcL gene sequences. All ambiguous positions were eliminated
for each sequence pair (pairwise deletion option) in both the analysis based on ITS2 and rbcL genes.
There was a total of 399 and 614 positions in the final dataset for both the ITS2 and rbcL genes,
respectively. The MSAs utilized in this analysis were similar those utilized for genetic diversity and

DNA polymorphism studies based on ITS2 and rbcL sequences.

3.2.7 Analysis of DNA barcoding gap and intraspecific distance

In order to delimit the Physalis species based on their intraspecific divergence within a population,
the automatic barcode gap discovery (ABGD) method described by (Puillandre et al., 2012) was
utilized in this study. Multiple sequence alignments utilized in genetic diversity analysis were also
utilized for the ABGD analysis of ITS2 and rbcL sequences of Physalis accessions. The 1TS2 and
rbcL multiple sequence alignments were separately inputted into the ABGD website
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html accessed on 17 February 2023) and the

distance analysis was performed based on the K80 Kimura measure of distance. The default value for
the relative gap width (X) was set at 1.5. Moreover, p values of intraspecific divergence were set at a
prior minimum (Ppin) and prior maximum (Pmax) divergence of intraspecific diversity of 0.001 and

0.1, respectively. Default settings were utilized for all other parameters.
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3.2.8 Analysis of mineral content in ripe fruits

The analysis of macrominerals (calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na))
and trace elements (iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), lithium (Li), and nickel (Ni))
was performed according to the method described by (Hernandez et al., 2005). All the analyses were
performed in triplicate. Each fruit sample (1 g) was digested in 5 mL of nitric acid, which was made
up to 25 mL using distilled water. The mixture was heated on a hot plate until a third of the volume
was left, which was filtered with Whatman filter paper No. 1. The filtrate was appropriately diluted
and analyzed for mineral elements using an atomic absorption spectrophotometer (AAS) (Shimadzu,
Kyoto, Japan). The wavelengths used for the analysis of each mineral were as follows: Ca—422.42
nm; Zn—213.52 nm; Cu—324.53 nm; Na—588.88 nm; Mg—285.04 nm; Fe—248.23 nm; K—
766.74 nm; Ni—231.90 nm; Mn—27.03 nm; Li—670.85 nm. The results were expressed in ppm (1
ppm = 1 mg/L) of a sample of dry weight (DW). All the experiments were carried out three times

with different fruit accessions.

3.2.9 Determination of phytochemical content

3.2.9.1 Estimation of total polyphenol content (TPC)

The estimation of phenol in fruit extracts was assayed using the Folin Ciocalteau method (Singleton
et al., 1999). In a test tube with 2.25 mL of 10% Folin Ciocalteau reagent, 1 mL of filtrate of
ethanolic fruit extract was added, mixed thoroughly, and allowed to settle at 23 £ 2 °C for 5 min. To
the mixture, 2.25 mL of sodium bicarbonate solution (60 g/L) was added, vortexed, and incubated at
23 + 2 °C for 90 min. The absorbance was measured at 725 nm using a spectrophotometer
(Shimadzu, Kyoto, Japan). A blank was prepared using the same method, but the fruit extract was
replaced with sterile distilled water. A standard curve was used to determine the phenol content using
gallic acid. All the experiments were carried out three times with different fruit accessions. The TPC

was assessed as mg/mL of gallic acid equivalents per gram of fruit extract.

3.2.9.2 Estimation of Total Tannin Content (TTC)

The content of tannins in the fruit samples was assayed using the Folin Ciocalteau method (Singleton
et al., 1999). In a test tube, 0.25 mL of 10% Folin Ciocalteau reagent was added to 0.1 mL of
ethanolic fruit extracts and vortexed. The mixture was allowed to settle at 23 + 2 °C for 5 min, and
then 1.25 mL of sodium hydroxide was added and the mixture was incubated at room temperature for
40 min. Absorbance was measured at 725 nm using a spectrophotometer. A blank was prepared using

the same method, but the fruit sample was replaced with sterile distilled water. A standard curve was
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then prepared for the estimation of the tannin content from Physalis fruits using tannic acid. All the
experiments were carried out three times with different fruit accessions. The TTC was assessed as

mg/mL of tannic acid equivalents per gram of fruit extract.

3.2.9.3 Estimation of total flavonoid content (TFC)

The determination of the flavonoid content in the fruit extracts was performed using the aluminum
chloride (AICI3) colorimetric method (Chang et al., 2002). In a test tube, 1 mL of ethanolic Physalis
fruit extract was added to 4 mL of water and 0.3 mL of 5% sodium nitrate solution. The content was
mixed thoroughly followed by the addition of 0.6 mL of aluminum chloride. The mixture was mixed
thoroughly and incubated for 6 min at 23 + 2 °C before the addition of 2 mL sodium hydroxide. A
precipitate was formed on mixing, which was centrifuged and the absorbance of the supernatant was
measured at 510 nm. A blank was prepared using the same method, but the fruit extract was replaced
with sterile distilled water. A standard curve was prepared for the estimation of the flavonoid content
using rutin. All the experiments were carried out three times with different fruit accessions. The TFC

was assessed as mg/mL of rutin equivalents per gram of fruit extract.

3.2.10 Estimation of antioxidant activity

The antioxidant activity was measured using 2, 2-diphenyl-2-picrylhydrazyl (DPPH) and hydrogen
peroxide radical scavenging in vitro assays. The DPPH radical scavenging (RS) assay was performed
based on the radical degradation method described by Brand-Williams et al. (1995) with some
modifications. The sample extracts (0.5 mL) were mixed with 0.1 mM DPPH radical solution (0.3
mL) prepared in an ethanol solution. Color change from deep violet to light yellow was observed and
the absorbance was measured at 517 nm using a UV-Visible spectrophotometer after 100 min of
reaction in the dark. The blank was prepared using 3.3 mL of ethanol and 0.5 mL of the sample. A
control was prepared using 3.5 mL of absolute ethanol and 0.3 mL of the DPPH radical solution and
the absorbance was measured. The percentage inhibition of the DPPH radical of the sample extract

relative to the control was used to determine the antioxidant capacity using the equation:

Abzzample—Abz blank
Abs control

m%=1nu—[ ]wzemu

The hydrogen peroxide scavenging assay was performed using a method determined by Ruch et al.
(1989) with a few modifications. In a test tube, 0.5 mL of the sample extract was mixed with 4 mL of
4 mM hydrogen peroxide solution prepared in 0.1 M phosphate buffer (pH 7.4). The mixture was
incubated for 10 min at room temperature and the absorbance was measured at 230 nm using a UV-
Visible spectrophotometer. A blank was prepared using phosphate buffer and sample extract. A

control was prepared using phosphate buffer and hydrogen peroxide and the absorbance was
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measured. The hydrogen peroxide radical scavenging (HRS) activity percentage was calculated using

the equation:

Abscontrol—-Abs zample

HRS% = ( ) =100

Abe control

3.2.11 Statistical analysis

The results for the antioxidant activity, and mineral and phytochemical content of the Physalis
accessions obtained were reported as mean + standard deviation (SD) using SPSS version 20 (IBM
SPSS, 2010). All the measurements were performed in triplicate. One-way analysis of variance
(ANOVA) was performed using the statistical software SPSS version 20 (IBM SPSS, 2010). The
means from all analyses were separated by Tukey’s HDS multiple comparisons test at a = 0.05.
Regression and correlation analysis was also performed to determine the impact of polyphenols on
the antioxidant activity. Regression was analyzed using the statistical software SPSS version 20 IBM

SPSS (2010) while correlation studies were analyzed using Microsoft excel version 2016.

3.3 Results

3.3.1 Amplification and sequencing success rate

The PCR amplification results in both ITS2 and rbcL regions achieved success rates of 100% (Table
3.2 and Appendix 1B and 1C). The lengths of the ITS2 and rbcL sequences were in the range of 301
663 bp and 520733 bp, respectively. Images of the ITS2 and rbcL amplicons are indicated in Figure
3.2. and 3.3. respectively. The average lengths of ITS2 and rbcL sequences were 561 bp and 616 bp,
respectively. The GC contents of the ITS2 and rbcL sequences were in the ranges of 60%-65.2% and
42.7%-43.9%, respectively. The average GC content of ITS2 sequences was 61.1%, which was
significantly higher than that of the rbcL sequences (43.1%). The sequencing success rate was 99%
and 100% for ITS2 and rbcL sequences, respectively (Table 3.2). Therefore, there were 9 sequences
for the ITS2 genes and 10 sequences for the rbcL genes of Physalis accessions from Sorget forest
studied.
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Table 3.2. Efficiency of PCR amplification and sequencing for Physalis accessions based on ITS2 and rbcL barcode genes

Mean
Samples Number of[Number Amplificatio [Sequencing | GC
Barcode ) o o Alignment  [Sequence
) Tested |Amplicons |Sequences |n EfficiencyEfficiency Content
Region Length (bp) |Length
(n) Produced [Produced (%) (%) (%)
(bp)
ITS2 10 10 ¢ 100 99 663 561 61.1
rbcL 10 10 10 100 100 730 616 43.1
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Figure 3.2. Image of PCR amplicons of Physalis accessions from Londiani based on the ITS2 marker.

The letter L in Figure 3.2 above represents the DNA ladder (1kb DNA ladder, Sigma Aldrich, St. Louis, Missouri, USA), 11i-110i represents the
Physalis accessions amplicons based on ITS2 sequence amplification, NC represents the negative control for the experiment.
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Figure 3.3. Image of PCR amplicons of Physalis accessions from Londiani based on the rbcL marker.

The letter L in Figure 3.3 above represents the DNA ladder, 11r-110r represents the Physalis accessions amplicons based on rbcL sequence
amplification, NC represent the negative control for the experiment.

3.3.2 Species discrimination based on BLASTn analysis

According to the BLASTn analysis of 1TS-2 sequences, seven of the nine Physalis accessions were identified as P. purpurea, and one was identified
as P. peruviana and one as Physalis aff philadelphica (Table 3.3). The BLASTn analysis of rbcL sequences identified all the Physalis accessions as
P. minima (Table 3.3). The percentage identity for the nine Physalis accessions based on ITS2 sequences ranged from 86.00 to 94.4%. The
percentage identity for 10 Physalis accessions based on rbcL sequences ranged from 99.86 to 100%. Eight out of the ten rbcL sequences of Physalis
accessions gave a 100% sequence similarity with P. minima (NC_048515.1 from the GenBank). Two accessions (0Q507154.1 and OQ507156.1)
were also identified as P. minima (NC_048515.1 from the GenBank) with a similarity identity of 99.59 and 99.86%, respectively (Table 3.3).
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Table 3.3. BLASTn analysis results for Physalis accessions based on ITS2 and rbcL markers.

Londiani1 | P. minima | NC_048515.1 | 0.0 100 0Q507152.1 | - - - - -

Londiani 2 | P. mimima | NC_048515.1 | 0.0 100 0Q507153.1 | P. purpurea MH763740.1 | 0.0 92.98 | 0Q372021.1
Londiani 3 | P. minima | NC_048515.1 | 0.0 99.59 0Q507154.1 | P. purpurea MH763740.1 | 0.0 94.06 | 0Q372022.1
Londiani4 | P. minima | NC 048515.1 | 0.0 100 0Q507155.1 | P. peruviana | AY665914.1 | 0.0 97.41 0Q372023.1
Londiani5 | P. minima | NC_048515.1 | 0.0 99.86 0Q507156.1 | P. purpurea MH763740.1 | 0.0 9445 | 0Q372024.1
Londiani 6 | P. minima | NC_048515.1 | 0.0 100 0Q507157.1 | P. aff. | AY665868.1 | 2e-144 | 91.35 | 0Q372025.1

philadelphica

Londiani 7 | P. minima | NC_048515.1 | 0.0 100 0Q507158.1 | P. purpurea MH763740.1 | 1e-148 | 86.00 | 0Q372026.1
Londiani 8 | P. minima | NC_048515.1 | 0.0 100 0Q507159.1 | P. purpurea MH763740.1 | 0.0 93.07 | 0Q372027.1
Londiani9 | P. minima | NC_048515.1 | 0.0 100 0Q507160.1 | P. purpurea MH763740.1 | 0.0 88.96 | 0Q372028.1
Londiani 10 | P. minima | NC_048515.1 | 0.0 100 0Q507161.1 | P. purpurea MH763740.1 | 0.0 90.16 | 0Q372029.1
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3.3.3 Multiple sequence alignment

The multiple sequence alignment of combined ITS2 and rbcL gene sequences and retrieved
sequences from the BLASTnN analysis based on MUSCLE had a sequence length of 730 bp. The
MSA is presented in Appendix 2A. A high rate of substitution mutations was noted for the ITS2
sequences, while very few substitutions, deletions, and insertion mutations were noted for the rbcL
sequences. The MSA of ITS2 sequences of the nine Physalis accessions had a sequence length of
399 bp (https://espript.ibcp.fr/ESPript/temp/1397454355/0-0-1688383432-esp.pdf) (Figure 3.4).

There was a high rate of substitution and deletion mutation within this MSA. A deletion point

mutation was observed at position 9 of the MSA whereby, in Physalis accessions 0Q372026.1 and
0Q372023.1, the nucleotide thymine was deleted while all other accessions contained a thymine at
this position (Figure 3.4). Another deletion point mutation was noted at position 46 of the MSA
whereby guanine was deleted for the Physalis accessions 0Q372023.1, 0Q372026.1, 0Q372027.1,
and 0Q372029.1 (Figure 3.4). These Physalis accessions also had a deletion macrolesion mutation
of eight nucleotides from position 179 to 187. Both transition and transversion point mutations were
also identified in the alignment. At position 107 of this MSA, there was a transition point mutation
for the Physalis accession 0Q372023.1, whereby guanine replaced adenine. A transversion point
mutation was observed at position 119 for the Physalis accession 0Q372023.1 whereby guanine
replaced the thymine found on all other sequences. Insertion mutations were not identified on this
MSA (Figure 3.4). The multiple alignment of rbcL sequences of 10 Physalis accessions had a
sequence length of 614 bp (https://espript.ibcp.fr/ESPript/temp/1129027434/0-0-1688384286-

esp.pdf) (Figure 3.5). There were no deletions, insertions or substitution mutations noted in this MSA

(Figure 3.5). All Physalis accessions had similar sequences with the key difference being the length
of the sequences.
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0Q372028.1 GGCCACC
0Q372021.1 ...|....
0Q372024.1 GGCCACC
0Q372022.1 ...[CACC
00372025.1 GGC[CACC
00372026.1 GGCCACC
00372023.1 GGCICACC
00372027.1 ...|.ACC
0Q372029.1 GGCICACC

CCTGGAG
CCCGGAG
CCCGGAG
CCCGGAG
CCCGGAC]
CCCGGAG

CCGGAG
CCCGGAG

2.9, : ; : 150

0Q372028.1
0Q372021.1
0Q372024.1
0Q372022.1
00372025.1
0Q372026.1
0Q372023.1
0Q372027.1
0Q372029.1

180 190 200 210 220 230 240
0Q372028.1 AAEABIAATGATC T C[ISFNA C G[EA T A T[SRIIE G T clc X8 A BleeA T G A GEAAEGHA 6 ¢ GEYAR T GG T|A
0Q372021.1 ALCAIIAATGATC T C[feloFNA C G[8A T A T{ehlelelGlol T ChyClefolnkdelelA T G|n A GEAA[SGEIA G C GEAINT G[&GIAT|A
00372024.1 AACAIINAATGATCTCefefo¥\A CG[elA T A T{ohlelel Gl T ChdClefol A bdelel T G|A A GEA\A[GEA G C GE\AINT G[8GIAT|A
0Q372022.1 AACAINAATGATCTCfefobNA CG[ela T A T[ehlelelG el T CyClefelbdelela T G|A A GEAIMGEA G C GEAINT Gl GA T|A
0Q372025.1 AAMAINAATGATCTC[efefoFNA CGle|A T A T{shdelelG el T ChyClefolbdlelein T G|A A GEVA[MGINA G C GE\ARNT G GEAT|A
0Q372026.1 . . [FeSFNC A C[ET G C ClshdelelnlelC ChyGlefel ThlelelG G GIAC AJAG[HICIT C C ARAGEYC T(elCEAIG
00372023.1 . [HEIFNGACET G C ClefdeGlelC ThiGIelel ThdoeG G C|G C AINGEGI T C A ARVGEYC T[HlGINT|G
00372027.1 . IS AT G ¢ clhdealelc TGl ThdeEG G Cla c AN GG T c A ARGEYC T[®GEY T|G
0Q372029.1 . [ IIFNG A ClET G c clhdddaEc T cle TEIEG G cla/c AR GEcl T c A AR cEYc TG TIG

250 26(_) 270 29(_) 300 310 320
00372028.1 CcHcGTETERNAETGCAGRARCCARATCGTTACGT 1] AGCGAGCTGCC|GGTCATCGCACCCCCCGCUGCCCECG
00372021.1 CRMIGGT[HT[FNANT GCAGIYAMCCAAATCGTTACGTT] AGCGAGCTGCC|.JsSTCAGCGCACCCCCCGCC|GICCCGCG
00372024.1 CRMGGT[HT[FNANTGCAGIARCCAAATCGTTACG AGCGAGCTGCC|.JGTCAGCGCACCCCCCGCC|GICCCGCE
00372022.1 CRMIGGT[ETEINANT GCAGIARCCAAATCGTTACGTT] AGCGAGCTGCC|.JGTCAGCGCACCCCCCGCC|GCCCGCG
00372025.1 cpllGGT[HT[E@NAfTGCAGE AR, . ... ... ... ...
00372026.1 GpTAC[HcFN TR TGCARTRICCAAATCGTTACGT | AACGAACTGCC|GGTCAGCGCACTCCCCGCCTCCCGT .
00372023.1 GRRICAC[HGEINTHC TGCAINTHICCAAATCCTTACGT T AGCGAGCTGCC|GGTCAGCGCGCCCCCCGCCIGICCCEC .
00372027.1 GpCAC[HGEINTHC TGCATICCAAATCETTACGT ] AGCGAGCTGCC|GGTCAGCGCACCCCCCGCCACCCET.
00372029.1 cilcac/dc@ATic TecARTCcCAAATCETTACGT T AGCGAGCTGCCGIETCAGCGCACCCCCCGCCAICCCETG

330 340 350 360 370 380 390
00372028.1 GCGGCGGAGGGTGGCCAICGiGCGGTCCTGC‘CTb1:1J.GGl T[q] CT[QT[EAGGCCCGCGGGATEHACCTTCGACGE
00372021.1 [GCGGCGGAGGGTGGCCATC|GGCIGIGTC|CITGIC/C TE[T|C|T|C GG TfT|q|. [AA[TClTICCT/GTE. « v v v v v . (S is  ai
00372024.1 [GCGGCGGAGGGTGGCCATAGGAGETACTGCC TaT/TlccaTrd-[aalrariccrdridececccacacacalacTe . fceacac
00372022.1 [GCGGCGGAGGGTEGCCATCGGCG6TClcTaclc TaricTlecaT)g SERERGEECCCECECAGANETT . GEABEC
00372025.1 [ ..vvvwvnnwennennalloafofewafof il dflf]l]e sl e
0Q372026.1 [GCGGCCGAGGGTGGCCATC|GGCT|GATICICGTIC T Glcicale GG T|C/GTAAIT clcic C|T(GT|g
00372023.1 [GCGGCGGAGGGCGGCCGTCGGT[AGTCC|TGCCCGC|C|. (GGG TIC/GTAlG|T ClGja claiGlc/s
0Q372027.1 [GCGGCGGAGGGTGGCCATCICGCIGGT C[T|T GTIC T GIC(C|C|E GG TiClE{T|AlG|T Cl6|c CGle(cG
00372029.1 [GCGGCGGAGGGTGGCCATTGCGGT clT|rglTic TalTiciTe G 6 TiTiciTiTAlr CiTic CiTiclcir

Figure 2.4. Multiple sequence alignment for Physalis accessions based on ITS2 gene only
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ORBSOTISZ . L. foiuw eveie sieie wie siaie sveis wiepe wie s wie sieis e e siwie eie wece eie e swie
0Q507154.1 [(AAATTGACTTAT
0Q507160.1 |[AAATTGACTTA
©0Q507156.1 (AAATTGACTTAT
O0Q507155.1 |AAATTGACTTAT
OoQ507153.1 AAATTGACTTAT
O0Q507157.1 |AAATTGACTTAT T
OQ507158.1 AAATTGACTITATTATACTICC
0Q507159.1 AAATTGACTITATTATACTICCIGAGTACCAAACCAAGGATACTGA ILEESldletop Nafob b Jofolcd Neb $.¥ Yok olok Xob. V. Yol o
0Q507161.1 AAATTGACTTATTATACTCCTGAGTACCAAACCAAGGATACTGA TLSSNbclcfop Neloh b Jofolcy Neh F.V.Noh Jolol Lob .V Yol o)

40 s0 60 70 80 %0 100
[ P Ml T GGAGT TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
L VIl T GGAGT TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
S A Il T GGAG T TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
e s L Bl T GGAG T TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
0Q507155.1 XN ACAACTGTATGGACCG
S R Il T GGAGT TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
[ A A Il T GGAGT TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
L A Ml T GGAGT TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
P L Rt Pl T GGAGT TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG
L A Rl T G GAG T TCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCG

110 120 130 140 150 160 170 180

Ly s I A TGGACT TACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT
(oo LT M b T BB A TGGACTTACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT,
[ A A A TGGACT TACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT
o e LI N I A TGGACTTACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT,
[ A TCGACTTACCAGTCTTGATCGT TACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT
[ Ll A TGGACT TACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT
[ L A A TGGACTTACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT,
[ L N - B A TGGACTTACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT,
[ L s B A TGGACT TACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT
[ I Al A TGGACT TACCAGTCTTGATCGTTACAAAGGGCGATGCTACCGCATCGAGCGTGTTGTTGGAGAAAAAGATCAATAT

190 200 210 220 230 240 2s0 260

Ll I A TTGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
oQ507154.1 ATTGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
oL s A T TGC T TATGTAGCT TACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
Ll A A T TGC T TATGTAGC T TACCCT T TAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
LI L A T TGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
(Ll A A T TGC T TATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
e N B A T TGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA
(e oLl b B A T TGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA)
[l b8 B AT TGCTTATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA]
LAY SRR A T TGC T TATGTAGCTTACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAA

270 280 290 300 310 320 330 340

[ LI R P Il T G TAT TTGGGT T TAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
Al TG TAT TTGGGT TTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
L R Il T G TATTTGGGT TTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
S T Al TG TAT TTGGGTTTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
L Rl T G TAT TTGGG T TTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
e A Il TG TAT TTGGG T TTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
X Rl T G TAT T TGGGT TTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
0Q507158.1 RPN AAG. TGCGAAT TTGCTTATATTAAAACTTTCC
e A I T G TAT TTGGGT TTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC
L Al T G TAT TTGGGTTTAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTGCGAATCCCTGTTGCTTATATTAAAACTTTCC

3s0 360 370 380 390 400 410
[ Ll X A AGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT,
(oLl B A AGGTCCGCCTCATGGGATCCAAGT TGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT,
[ LI XY I PR A AGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT
L b A AGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTIGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT,
[ A B A AGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT,
[ A A A GG TCCGCCTCATGGGATCCAAGT TGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT,
Ll A A Il A A GGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAAT TGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT
(oo LT bR T BB RIIAAGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT,
[ A Al A AGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT
oL S R I A AGGTCCGCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATT

420 430 440 450 460 470 480 490
[V IS M A AACCTAAAT TGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCT T CESHII S .
[ LAY IS A AACCTAAATTGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCT T Cldolefchiciel Yok e\ TIAC
[ LI IS A AACCTAAATTGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCTTClceicichieciel Nobwnlch: Wl i iy .ol
[ L I IS A AACCTAAATTGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCT T Clcfofcfebieciel Nob el Sl b ibw el
[ Ll L IS A AACCTAAAT TGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCT T C N, cessessann
0Q507153.1 AAACCTAAATTGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCTTC QuRadT R Eaer C e EP Y
(Y I WA AACCTAAAT TGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCT T Clcfolelclsiefel Yok dalel Nk oty ol
e LI I A AACCTAAAT TGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCT T Clcfolefeliefel.Nol el N i bey Nod
(o I AL A AACCTAAATTGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTCTTClcleicichucicl Nohwlch Nl i by Vol

[ LI S SSEAAACCTAAATTGGGGTTATCTGCTAAAAACTACGGTAGAGCTGTTTATGAATGTC T T Clclelcichdcicy:Nohwch: Wl by Nl

500 510 520 530 540

0Q507152.1 CAAAGATGATGAGAACGTGAACTCACAACCATITATGCGTTGGAGAGATCGTT v v v v v v s venaonennnenan
0Q507154.1 CAAAGATGATGAGAACGTGAACTCACAACCATTTATGCGTTGGAGAGATCGTTTCGTCTTTTGTGICCGAAGCACT
0Q507156.1 CAAAGATGATGAGAACGTGAACTCACAACCATITATGCGTTGGAGAGATCGTTICGICTITIGTGCCGAAGCACT
0Q507153.1 CAAAGATGATGAGAACGTGAACTCACAACCATTTATGCGTTGGAGAGATCGTTTCGTCTTTTGTGICCGAAGCACT
0Q507157.1 CAAAGATGATGAGAACGTGAACTCACAACCATTITATGCGTTGGAGAGATCGTTTCGTCTTTTGTGCCGAAGCACT
0Q507158.1 CAAAGATGATGAGAACGTGAACTCACAACCATTITATGCGTTGGAGAGATCGTTTICGTCTTTTIGTGCCGAAGCACT
0Q507159.1 CAAAGATGATGAGAACGTGAACTCACAACCATITATGCGTTGGAGAGATCGTTICGICTITIGTGCCGAAGCACT
00507161.1 CAAAGATGATGAGAACGTIGAACTCACAACCATITATGCGTTGGAGAGATCGTTICGTCTTITTGTG. .. v v v

Figure 3.5. Multiple sequence alignment of Physalis accessions based on rbcL gene only
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3.3.4 Physalis species identification based on phylogenetic analysis

The phylogram tree was constructed based on Bayesian inference and the combination of ITS2 and
rbcL sequences. All the Physalis accessions were clustered together based on the rbcL gene
sequences (Figure 3.6). The Physalis rbcL genes did not form clades with their reference sequences
on the phylogram and there was no species discrimination. Therefore, the Physalis rbcL gene
sequences species names (P. minima) indicated in the phylogram were based on the BLASTnN
analysis. Based on the ITS2 gene sequences, the Physalis accessions were identified with a
percentage posterior probability of 100 as P. purpurea (Figure 3.6) and the sequences were deposited
in GenBank with accession numbers 0Q372021.1-0Q372029.1.

r,r|' Physalis virginiana voucher Aust 157 (KT178121.1)
FPhysalis peruviana (NC026570.1)

FPhysalis heterophylla voucher Aust 182 (KT178120.1)

FPhysalis minima (NC048515.1)

FPhysalis pubescens (NC048514.1)

FPhysalis philadelphica (NC0T70364.1)

Fhysalis pruinosa (NC039458.1)

Fhysalis angulata (NC039457.1)

Fhysalis minima voucher L3r (0Q507154.1)

Fhysalis minima voucher L3r (0Q507156.1)

Physalis minima voucher L9t (0Q307160.1)

Physalis minima voucher Ldr (0Q3 1)

Physalis minima voucher L2r (0Q3 )
Physalis minima voucher Lér (00
Physalis minima voucher L7r (0Q
Physalis minima voucher L8r (0Q )
Physalis minima voucher L10r (0Q307161.1)
100 Physalis minima voucher L1r (0Q507152.1)

1 1o Physalis cordata isolate PCORD (AY6635886.1)

Fhysalis minimaculata isolate PMINIMACH26 (AY665905.1)
Physalis virginiana isolate PVIR.G (AY665910.1)
ool Mysalis peruviana isolate PPRV (AY663914.1)
Physalis angustiphysa isolate PANGPHY (AY665879.1)
Physalis microcarpa isolate PMICROC (AY665903.1)
Physalis aff. philadelphica isolate PAFFPH (AY665868.1)
Fhysalis purpurea voucher CORD:Barboza 3657 (MH763740.1)
ysalis purpurea voucher L9 (0Q372028.1)
5 purpurea voucher L3 (0Q3

lis purpurea voucher L4i (0Q372023.1)
71

purpu r‘]:.lﬁ'l[OQ 3.1)
urpurea voucher L7i (0Q372026.1)

o

Figure 3.6. Phylogenetic tree generated by MrBayes for the Physalis accessions based on ITS2 and
rbcL gene sequences

Different colors are used to represent Physalis accessions (experimental) as the variant species and
reference sequences used in this study. Black represents the two clusters and sequences retrieved
from GenBank for both ITS2 and rbcL genes. Blue represents P. purpurea sequences and red
represents P. minima sequences. The values above the branches represent the percentage posterior

probability statistic from the MrBayes phylogram.
3.3.5 Intraspecific divergence of Physalis accessions
DNA divergence was determined based on the number of polymorphic (segregating) sites (S),

nucleotide diversity, and the total number of substitutions. Based on ITS2 gene sequences, nucleotide
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diversity, the total number of nucleotide substitutions, and the number of polymorphic (segregating)
sites were 0.27629, 134, and 124, respectively. There was no nucleotide diversity (0), nucleotide
substitutions (0.00000), or polymorphic segregating sites (0) among the Physalis accessions based on
rbcL gene sequences.

3.3.6 Genetic distance within Physalis accessions

The genetic distance within Physalis accessions based on ITS2 and rbcL gene sequences was
assessed. The overall average genetic distance among the Physalis accessions based on ITS2 gene
sequences was 1.67 + 0.77, while there was no genetic distance based on rbcL gene sequences. The
mean average genetic distance within (intraspecific) Physalis species was 1.67 + 0.84 and 0 based on

ITS2 and rbcL gene sequences, respectively.

3.3.7 Nucleotide polymorphism and genetic diversity of Physalis accessions

There were 124 segregating sites identified with 1TS2 gene sequences, while no segregating sites
were recorded for the rbcL gene sequences (Table 3.4). The lack of segregating polymorphic sites
within a population is an indication that all plants within this population are identical. The high
number of polymorphic segregating sites for the ITS2 Physalis gene sequences is an indication that
this gene is highly diverse among the Physalis accessions and has undergone differentiation. There
were 21 singleton and 103 parsimony sites identified among the segregating sites of Physalis
accessions based on the ITS2 gene sequences.
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Table 3.4. DNA polymorphism of Physalis accessions based on ITS2 and rbcL markers.

ITS2 rbcL
Polymorphic . .
] ) ) o ) Positions in
sites/Segregation  sites124  |Position in the gene \Variants 0 Variants
the gene
(S)
) 49,58,90,107,116,117,118,119,120,125,138,139,144,158,162,164,172,
Singleton 21 2 0 2
219,225,237,239
23,24,25,30,32,33,37,38,48,51,59,61,62,64,65,66,67,68, 69,71,7377,79, 2 2
81,82,84,85,88,91,93,94,95,97,99,100, 101,102,108,109,111,112,114,
126,129,132,136,140, 146,148,157,160,161,166,169,174,176,192, 193,
Parsimony informative103 194,196,197,198,199,204,206,207,209,212,216,217,218,220,221,223, 0
sites 227,228,229,230,232,234,235,240,241, 245,246,248,251,253,254, 255,
256,257,259
28,36,52,110,113,123,137,165,173,244 3 3
Nucleotide diversity (Pi)|0.27629 0.00000
Average  number  of
nucleotide  differences/61.889 0.000
(k)
Sequence length (base
-q ot { 399 614
pairs)
Number of sequences 9 10
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3.3.8 Tajima’s neutrality test

Tajima’s neutrality test was performed for both the ITS2 and rbcL gene sequences to assess the
selection and nucleotide diversity of the Physalis accessions. The number of segregating sites (S)
for ITS2 and rbcL were 180 and 0, respectively. The Tajima values of the Physalis accessions
based on the ITS2 and rbcL gene sequences were 0.779171 and 0, respectively. The Tajima D of
the ITS2 sequences indicated a negative selection pressure in the Physalis population. The
nucleotide diversity of the ITS2 and rbcL sequences based on Tajima’s test was 0.190894 and 0,

respectively, indicating a variation in the ITS2 barcode region of Physalis accessions.

3.3.9 Genetic differences and barcoding gap analysis

Automatic barcode gap discovery (ABGD) results generated by the K80 Kimura measure of
distance (K2P) based on the ITS2 gene sequences for Physalis accessions were used to assess the
presence of a barcoding gap. The rbcL gene sequences for Physalis accessions were not able to
provide results on barcoding as there was no variation in the sequences at an intraspecific and
interspecific level. Based on the ITS2 gene sequences, all pairwise distances were ranked by
increasing the distance values from 0.02 to 0.70 and three barcoding gaps were detected (Figure
3.7). The first and smallest barcode gap was observed between distances of 0.15 (15%) and 0.18
(18%) (Figure 3.7). The second and largest barcode gap was evident between the distances of
0.22 (22%) and 0.44 (44%) (Figure 3.7). The third barcode gap was found between the distances
of 0.59 (59%) and 0.70 (70%).
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Figure 3.7. A histogram indicating the hypothetical distribution of pairwise differences of 1TS2
gene sequences for nine Physalis accessions.

Low divergence is presumably intraspecific divergence, whereas higher divergence indicates
interspecific divergence. The abbreviation nbr on the y-axis of the histogram stands for the

number of pairwise comparisons. A, B and C represent the three barcode gaps identified.

3.3.10. Mineral analysis

The mineral content of Physalis accessions was determined for macro- and microminerals
(Tables 3.5, 3.6, Appendix 3A and 3B). The highest macromineral content among the Physalis
accessions was noted for potassium at a mean of 527.778 = 260.526, while the lowest was the
magnesium content at a mean of 33.911 + 29.942 (Table 3.5). Sodium and calcium contents were
at moderate levels in Physalis accessions with means of 377.46 + 147.193 and 128.121 + 20.976,
respectively (Table 3.5).
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Table 3.5. Macro-mineral content of fruits of Physalis accessions.

Data are expressed as mean + SD of three independent accessions. CV: coefficient of variation; CV: coefficient of variation; n = 3;

means followed by single letters in a column differ significantly at a 5% level of significance.

sample ITS Accession
D Number in theCa (ppm) Na (ppm) K (ppm) Mg (ppm)
GenBank
L1 0Q507152.1 [145.493 + 6.087 % [445.378 +51.116 * [352.941 + 24.758 ** 61.056 + 93.957 *
L2 0Q372021.1 [58.700 +7.451% [275.910 + 18.080 ** 247.549 + 8.947 **  24.247 + 20.009 **
L3 0Q372022.1 [121.803 + 26.283 * [175.070 + 49.239 ** 497.549 + 14.036 ** [13.604 + 6.519 *
L4 0Q372023.1 [77.778 +2.618* [208.687 +81.942 % 470.588 + 11.725* 8.342 + 6.455 *
L5 0Q372024.1 (81.132+9.804* [263.306 + 14.761 ** 811.275+77.914 % (71,532 + 43.883 *
L6 0Q372025.1 [140.042 + 26.804 ** [441.176 + 21.091 ** 681.372 + 37.395 ** 24.346 + 22.820 *
L7 0Q372026.1 [131.447 +3.328* |456.583 + 47.782 % 450.981 + 12.484 ** [19.381 + 9.648 *
L9 0Q372028.1 [147.170 + 23.966 ** 410.364 + 25.673 ** 823.530 + 24.961 ** 61.520 + 48.887 *
L10 0Q372029.1 [133.962 + 22.440 **[380.952 + 10.052 ** 414.216 + 22.517 ** 21.169 + 17.301 *
Mean 128.121 + 20.976 377.46 + 14.193 527.778 £26.526  [33.911 + 29.942
CV 16.372% 39.000% 49.363% 88.296%

The micro-mineral content of Physalis accessions was also determined (Table 3.6). The highest micro-mineral content was noted for
zinc at a mean of 24.364 + 12.572 (Table 3.6). The lowest micro-mineral content was noted for lithium at a mean of 0.047 + 0.024

(Table 3.6). A moderate micro-mineral content was noted for iron, manganese, copper, and nickel (Table 3.6).
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Table 3.6. Trace element content in fruits of Physalis accessions.

Sample Accession _ _
D Number ¢ PP™ Zn (ppm) Ni (ppm) Cu (ppm) Li (ppm) Mn (ppm)
L1 0Q507151.1 |4.597 + 3.081 *[17.534 + 3.369 * 0.214 + 0.000 ** |0.015 + 0.006 ** 0.035 + 0.022 **|0.565 + 0.258 **
L2 0Q372021.1 [6.398 +2.543 *[7.618 £ 2.702*  0.166 + 0.083 ** |0.158 + 0.050 * 0.079 + 0.060 **|0.491 + 0.205 *
L3 0Q372022.1 [5.806 + 2.864 *8.538 + 4.987 *  0.357 £ 0.124 * |0.270 + 0.079 ** 0.019 + 0.004 **1.139 + 0.467 *
L4 0Q372023.1 [5.780 + 2.215 * [84.663 + 37.191* [1.048 +£0.527 % |0.427 +0.413 *(0.203 + 0.091 * 0.954 + 0.423 *
LS 0Q372024.1 6.317 £1.391 #7771+ 0.176 **  0.167 £0.109 * [1.322 + 0.468 * 0.021 + 0.013 **2.102 + 0.135 *
L6 0Q372025.1 6.129 + 1.268 * [35.276 + 24.020 ** |0.428 +£ 0.189 ** [1.809 + 1.523 ® (0.010 + 0.008 **[1.250 + 0.074 *
L7 0Q372026.1 [6.640 + 1.341 *[7.311 £ 1.240*  0.476 +£0.289 * [1.089 + 0.161 ** 0.022 + 0.010 **|1.454 + 0.158 **
L9 0Q372028.1 (8.145 + 1.218 *[37.270 + 36.851 ** |0.929 + 0.500 ** [1.072 + 0.116 ** 0.014 + 0.005 **[1.954 + 0.434 *
L10 0Q372029.1 6.989 + 0.492 *[13.293 + 2.609 * 0.357 + 0.124 * |0.402 + 0.522 * (0.018 + 0.000 **|1.870 + 0.181 *
Mean 6.311 +1.824 [24.364 +12.572 0.460+0.216 [0.810+0.371 |0.047£0.024 [1.309 £ 0.482
CV 28.902% 51.601% 46.957% 45.802% 51.064% 36.822%

Data are expressed as mean + SD of three independent accessions. CV: coefficient of variation; CV: coefficient of variation; n = 3;

means followed by single letters in a column differ significantly at a 5% level of significance.
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3.3.11 Phytochemical content and in vitro antioxidant activity

Ripe fruits of Physalis accessions were assessed for phytochemicals (total phenolic acid, tannic
acid, and flavonoid) and antioxidant activities (Table 3.7 and Appendix 3C). The phytochemical
contents and antioxidant activities did not change significantly (p > 0.05) among the Physalis
accessions (Table 3.7). The TPC of different Physalis accessions did not change considerably,
ranging from 0.024 + 0.025 to 0.092 + 0.053 mg GAE/g DW (Table 3.7). Physalis accessions L1
and L5 recorded significantly higher TTC compared with the other eight accessions (Table 3.7).
The TFC of the different Physalis accessions did not change significantly and ranged from 0.058
+ 0.034 to 0.152 + 0.089 mg Rutin/g DW. Two different chemical assays (DPPH and HRS) were
performed to assess the antioxidant activity of Physalis accessions (Table 3.7 and Appendix 3 D).
The DPPH and HRS values obtained for the antioxidant property did not show significant
differences (p > 0.05) among the different Physalis accessions (Table 3.7). The DPPH and HRS
among the different Physalis accessions ranged from 29.846 + 13.537 to 97.344 + 2.263% and
8.696 *+ 7.609 to 64.131 * 9.962%, respectively (Table 3.7).
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Table 3.7. Phytochemical content and radical scavenging activities of Physalis accessions.

Sample|Accession TPC (mg GAE/QTTC (mg TannicTFC (mg Rutin/g o
D Nurmber W) cidig DW) ow) DPPHRSA%  HRS activity %
L1 0Q507152.1 [0.092 +0.053 % 10.158 £0.004%  0.145+0.073 % [29.846 + 13.537 * |64.131 +9.962 *
L2 0Q372021.1 (0.059 +0.040 * 10.126 £0.045%* 0.072+£0.020 % [94.095 +0.182* [52.174 +9.962 *
L3 0Q372022.1 (0.024 +0.025* 10.099 £0.039* 0.070 £0.017 ** [75.862 +2.970** [30.435 + 18.827 *
L4 0Q372023.1 0.035+0.026 * |0.115+0.067 * |0.063 +£0.040 ** |44.868 +6.556 % [6.159 +7.863 *
L5 0Q372024.1 (0.034 +0.008* |0.184 £0.015%  [0.096 +0.026 ** |67.539 +17.427 * 41.667 +12.120 *
L6 0Q372025.1 (0.081 +0.051* |0.047 £0.022% 0.071+0.051 % [73.088 +9.318* [59.420 + 44.952 *#
L7 0Q372026.1 (0.060 +0.016 ** |0.049 £0.039*  |0.058 + 0.034 ** [95.045 +7.149 ** [53.623 + 26.721 *
L3 0Q372027.1 0.082+0.011* |0.061 £0.023*  0.097 £ 0.069 ** [96.156 + 3.924 ** 8.696 + 7.609 *
L9 0Q372028.1 0.060 +0.027 * 10.041 +£0.015%* 0.128 +0.038 * (97.344 +2.263 ** 62.319 +8.786 *
L10 0Q372029.1 (0.080 +0.071* |0.072+0.016* |0.152 +0.089 ** [89.666 + 16.692 ** 39.131 + 20.738 *
Mean 0.061 + 0.033 0.095 + 0.029 0.095 + 0.046 76.351+8.002 41.776 + 16.754
CV 54.098% 30.526% 48.421% 10.481% 40.104%

Data are expressed as the mean + SD of three independent accessions. CV: coefficient of variation; n = 3; TPC: total phenol content;
TTC: total tannin content; TFC: total flavonoid content; DPPH RSA: 2, 2-diphenyl-2-picrylhydrazyl radical scavenging activity;
HRSA: hydrogen peroxide radical scavenging activity. Means followed by a single letter in a column differ significantly at a 5% level

of significance.
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3.3.12 Correlation analysis between phytochemical contents and antioxidant activities

Correlation and regression studies were performed to assess the effect of each phytochemical content (phenolic acid, tannins, and
flavonoids) on the radical scavenging activity of Physalis accessions (Table 3.8). DPPH radical scavenging was largely facilitated by
the phenolic acid content, with a correction of r = 0.327, while flavonoids and tannins had a negative correlation (Table 3.8).
Hydrogen peroxide radical scavenging was largely facilitated by phenolic acids and flavonoids at a correlation value of r = 0.3599 and
0.2877, while tannins had a negative correlation (Table 3.8). The regression analysis showed that all phytochemicals (phenolic acids,

tannins, and flavonoids) had a linear relationship to the radical scavenging of DPPH and hydrogen peroxide radicals (Table 3.8).

Table 3.8. Correlation and regression analysis of phytochemical content and radical scavenging activity of Physalis accessions.

] ] ANOVA (p Value) forANOVA (p Value) for
Correlation Correlation ) ) ) )
Polyphenol o o Hypothesis Testing ofHypothesis Testing of
Coefficient (r) forCoefficient (r) _ _ _
Content Slope of Regression/Slope of Regression Line
DPPH RSA for HRSA )
Line for DPPH RSA  ffor HRSA
Phenolics 0.327 0.3599 0.928 0.307
Tannins -0.6316 -0.0374 0.050 0.918
Flavonoids  |-0.1150 0.2877 0.752 0.420
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3.4. Discussion

DNA barcoding is relatively fast in terms of species identification and discrimination (Chen et
al., 2010). DNA barcodes such as rbcL, matK, psbA-trnH, and ITS2 are very efficient in
identifying unknown plant species, with ITS2 being among the best DNA barcodes for species
identification and discrimination (Zhao et al., 2018; Chen et al., 2010). Based on BLASTn and
the phylogenetic analysis of ITS2 and rbcL gene sequences, the Physalis accessions used in the

current study were all confirmed to belong to the genus Physalis.

The results of this study showed that the used barcode regions have different abilities of species
discrimination and identification. ITS2 was proposed as a core barcode for seed plants by the
Consortium for the Barcode of Life (CBOL) Plant Working Group (China Plant BOL Group,
2011). It was clear that the Physalis accessions used in the current study were identified as P.
purpurea based on ITS2 barcode. The phylogenetic tree was able to discriminate the Physalis
accessions and had reliable clades with a posterior probability of 80%. Species discrimination
based on the rbcL gene was not possible as there was no formation of clades on the Bayesian
inference phylogenetic tree. The high conservation of the rbcL barcode gene in Physalis
accessions makes it a less ideal candidate for DNA barcoding when compared to other barcode
genes such as ITS2 (Ralte and Singh, 2021). The ability of ITS2 to emerge as a better barcode
than rbcL is clearly supported in other studies on Physalis and other plants (Feng et al., 2016;
Zhao et al., 2018; Chen et al., 2010).

The rbcL barcode gene of Physalis accessions under study did not display genetic distance,
diversity, or polymorphism. This is an indication that there were no genetic differences between
the Physalis accessions used. Therefore, the rbcL barcode is highly conserved in some species of
Physalis, which has also been reported in other studies (Xu et al., 2021; Lee et al., 2013). The
ITS2 barcode gene exhibited genetic variation among the Physalis accessions with a notable
nucleotide diversity of 0.27629. This has also been reported in the DNA barcoding and
identification of Solanaceae plants (Ralte and Singh, 2021). The genetic distance observed
among the Physalis accessions in this study based on ITS2 concurs with previous studies where
the ITS2 barcode region showed high genetic variation due to its high mutation rate (Tan et al.,
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2020). High intraspecies variation was observed based on the ITS2 sequences, supporting the
successful identification of Physalis accessions using the ITS2 barcode region. The Tajima D
value of Physalis accessions based on the ITS2 gene was 0.779171, indicating low-frequency
mutations and balancing selection within the population (Korneliussen et al., 2013). Three
barcode gaps were identified for the ITS2 gene sequences among Physalis accessions using the
ABGD method. The presence of barcode gaps is crucial for species delimitation and serves as the

basis for plant species identification and discrimination (Collins and Cruickshank, 2013).

Commercial interest in plants of the genus Physalis has been rising worldwide due to its
nutritional value, edible fruits, and the current and potential medicinal uses (Feng et al., 2016).
The Physalis accessions were investigated for mineral content and the analysis revealed that P.
purpurea fruits are rich in potassium, sodium, calcium, and magnesium, which concurs with
reports from other studies on the wild edible fruits of Physalis (Musinguzi et al., 2007). Based on
these findings, this fruit can be used as an alternative to the daily intake of minerals, which are
essential for human health. Potassium is important for the function of the cardiovascular system
in humans (Sica, 2002). Potassium/sodium balance is fundamental for the transmission of
electrical impulses in the heart (Kowey, 2002). Magnesium is an important mineral in protein
synthesis, oxidative phosphorylation, the regulation of body temperature and muscle
contractions, and it is a cofactor for many enzymes (Jahnen-Dechent and Ketteler, 2012).
Calcium is also another important element required for blood clotting, growth, bone formation,
cell metabolism, and heart function (Berchtold et al., 2000; Ross et al., 2012). The Physalis
fruits also contain trace elements including zinc, iron, copper, nickel, lithium, and manganese.
Low levels of iron and nickel in Physalis have also been reported in other studies (Erkaya et al.,
2012; Musinguzi et al., 2007). Zinc is important in the catalytic activity of enzymes, cellular
signaling, and facilitates the modification of the structures of DNA and RNA, proteins, and
cellular membranes (Brown et al., 2001). Iron is an essential vitamin that is required in small
amounts for DNA synthesis, oxygen transportation, and the electron transport chain (Abbaspour
et al., 2014). Copper is also an essential element that is required in small amounts for facilitating
lung elasticity, neurovascularization, the metabolism of iron, adequate growth, energy
metabolism, reactive oxygen species detoxification, and cardiovascular integrity (Ruiz et al.,

2021; National Research Council, 2000). The functions of nickel in animals are not well known
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(Genchi et al., 2020). However, in plants and bacteria it is required as a cofactor for the enzymes
involved in growth and germination in plants (Genchi et al., 2020). Lithium is an essential
element in the physiological regulation of mood (Demling et al., 2001). Manganese is required
as a cofactor for enzymes that perform cholesterol, carbohydrate, and protein metabolism
(National Research Council, 2001). The presence of minerals in plant accessions can be linked to
their medicinal properties as well (Okwu, 2005). Our analyses show the potential of P. purpurea
as an excellent mineral supplement in nutraceuticals. Though little attention is given to this wild
fruit, our findings indicate a richness of nutrients and its potential application as a nutritional

supplement.

The Physalis accessions were rich in phytochemicals such as phenols, tannins, and flavonoids,
which have also been identified in the genus in other previous studies (Sathyadevi and
Subramanian, 2015). The levels of these different types of phytochemicals were different in the
Physalis accessions, an indication of the existence of different cultivars within P. purpurea.
Variation in phytochemical secondary metabolites in plants, such as phenolic acid and
flavonoids, have been linked to environmental stress during growth and development (Pant et al.,
2021). Ecologically limiting factors like lighting, carbon dioxide, soil salinity, temperature, and
soil fertility can affect the biochemical and physiological responses of plants and their secondary
metabolite production (Li et al., 2020). Abiotic stressors lead to fluctuations in the chemical
constituents of plants, selectively altering the content of secondary metabolites such as
phytochemicals (Pant et al., 2021). Soil salinity, an abiotic stressor for plants, has been shown to
cause the accumulation of secondary metabolites such as flavonoids in plants as a response to
nutritional imbalance, decreased photosynthesis, and the uptake of nutrients (Banerjee and
Roychoudhury, 2017). Flavonoid accumulation when plants are under stress due to the increased
salinity of soils provides a curative effect for affected plants (Gengmao et al., 2015). The tannin
and flavonoid contents were the highest among the phytochemicals identified in the Physalis
accessions studied. Previous studies have found that phenols have the highest phytochemical
content, followed by tannins, with flavonoids having the lowest content (Kasali et al., 2021; El-
Beltagi et al., 2019). The concentration of phenols might have varied in this study as compared
to others due to the geographical variations, environmental/abiotic stressors, the method of

extraction of phenols, the sugars present, and the carotenoid and ascorbic acid contents (Pant et
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al., 2021; Aryal et al., 2019; Oszmianski et al., 2018). The presence of phenols has been
associated with antioxidant properties and, therefore, the ability to scavenge for free reactive
oxygen species is facilitated by phytochemicals (El-Beltagi et al., 2019; Sahoo et al., 2013).
According to the radical scavenging activity assays conducted, the fruit extracts of Physalis
accessions scavenged free radicals such as DPPH and hydrogen peroxide due to the presence of
phytochemicals. Phenolic and flavonoid contents in plants are important for their antioxidant
properties, which allow them to scavenge reactive free radicals by donating hydrogen atoms to
the free radicals (Amarowicz et al., 2004).

Correlation studies of the polyphenol content and the ability of polyphenols to promote radical
scavenging have shown a linear relationship between phenolic and flavonoid contents in relation
to radical scavenging capacity (Shrestha and Dhillion, 2006). In this study, the correlation
analysis showed a positive correlation between the phenolic content and the DPPH radical
scavenging activity. However, a negative correlation was observed for the tannin and flavonoid
contents (r = —0.1150) and the DPPH radical scavenging activity. This is an indication that the
phenolic content of P. purpurea contributed more towards the DPPH radical scavenging activity
than tannins and flavonoids. This concurs with similar studies on the role of phenolic content
from the genus Physalis in DPPH radical scavenging (Karpagasundari and Kulothungan, 2014).
Phenol and flavonoid contents showed a moderate correlation to the hydrogen peroxide
scavenging capability. This concurs with other studies showing that phenol and flavonoid
contents contribute towards hydrogen peroxide scavenging activity (Aryal et al., 2019). The
presence of tannins in the Physalis accessions did not show any DPPH radical and hydrogen
peroxide scavenging activities. However, tannic acid in other plant studies has been shown to
have radical scavenging activity against DPPH radicals and hydrogen peroxide (Karpagasundari
and Kulothungan, 2014; Gilcin et al., 2010).

3.5 Conclusions

The Physalis accessions used in the current study were identified as P. purpurea based on the
ITS2 barcode region. The high genetic variation among the Physalis accessions based on the
ITS2 sequences allowed for the clear identification of Physalis species as P. purpurea. There was

no genetic variation among the rbcL sequences of Physalis, an indication that the gene is
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relatively conserved. The study confirmed that the fruits of P. purpurea contained a high content
of minerals, including calcium, sodium, magnesium, and potassium. The fruits were also rich in
phenolic acids, tannins, and flavonoids, and exhibited antioxidant properties. The phenolic
compounds and flavonoids were the major contributors to the radical scavenging activity of the
P. purpurea fruits. Therefore, the underutilized P. purpurea can be used as an excellent source of

antioxidants for the management of oxidative stress-induced human diseases.
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CHAPTER FOUR

4.0 Molecular identification, genetic diversity and secondary structure predictions of
Physalis species using 1ITS2 DNA barcoding

4.1 Introduction

The genus Physalis are well-known herbaceous plants which belong to the Solanaceae family.
Physalis is native to the Andes of South America which includes countries such as Colombia,
Peru and Ecuador (Simbaqueba et al., 2011). The genus has several species that grow in the wild
with only a few species under cultivation as food crops and ornamentals (Khan and Bakht,
2015). Physalis plant was initially consumed largely by the Inca people but later introduced to
Africa and India after the entry of Christopher Colombus into the Americas (Popenoe et al.,
1990). Physalis species including P. peruviana, P. alkengi, P. purpurea, P. pubescens and P.
philadelphica are widely cultivated worldwide for their nutritional, medicinal and economic
value (Shenstone et al., 2020; Yen et al., 2010). These plants are rich in both nutrients
(provitamin A, vitamins C, vitamin B complex, phosphorus and fiber) and phytochemicals such
as phytosterols, polyphenols, saponins, peruvioses, fisalins and withanolides (Petkova et al.
2021; Golubkina et al., 2018). Economic interest in Physalis fruits has been steadily increasing
over the years with countries in South East Asia and others such as Colombia, Egypt, Kenya,

Zimbabwe and South Africa being major exporters (Novoa et al., 2006).

Precise identification of Physalis species in order to ensure safe utilization especially for
medicinal applications - like in any other medicinal plants - is paramount to prevent improper
use (Shinwari et al., 2018). It is also important for the maintenance and conservation of Physalis
genetic resources since most natural Physalis species are being destroyed and cleared to pave the
way for alternative land use as well as urbanization (Feng et al., 2016). This could lead to the
loss/extinction of important species. The use of morphological identification of Physalis species
is unreliable due to phenotypic similarities among the different species (Menzel, 1951). For
example, P. minima are morphologically confused for P. angulata or P. pubescens due to similar
phenotypic characters (Feng et al., 2016). Moreover, morphological characters are affected by

environmental and developmental factors resulting in inaccurate identification of species
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(Buckley et al., 1997). Molecular characterization using DNA markers such as simple sequence
repeats (SSR) and random amplified microsatellites (RAM) have been used to comprehensively
show genetic variability among genotypes (Muraguri et al., 2021; Chacon et al., 2016;
Simbaqueba et al., 2011). However, these approaches do not provide sufficient discriminating
capacity for classifying the Physalis genotypes into different species. A simple and accurate
method is necessary for foolproof identification and determination of genetic relationships

between the different cultivars of Physalis species.

DNA barcoding is a reliable tool of choice for studying genetic relationships between plants for
species identification and delineation. It uses short and standardized DNA sequences that exhibit
a sufficient level of variation to discriminate among species (Barcaccia et al., 2015; Hebert et al.,
2003). The chloroplast-plastid region DNA sequences (such as matK, rbcL, psbA-trnH, ycf) and
a nuclear internal transcriber spacer (ITS) region with less interspecific barcode gaps have been
proposed as potential plant barcodes (Elansary et al., 2017). The ITS2 is a DNA spacer localized
between the ribosomal 5.8S and 28S, in the chromosomal or corresponding polycistronic
transcript region most commonly used for species discrimination studies (Lahaye et al., 2008).
DNA barcode, ITS2 has been proposed as an efficient barcode in the identification of medicinal
plants (Chen et al., 2010). It has been utilized in Physalis identification where it showed efficient
species discrimination in comparison to chloroplast DNA barcodes due to its advantages such as
small fragment length, good universality, high interspecific divergence and small intraspecific
variation (Yao et al., 2010). A study done on the identification of Physalis species using ITS2 in
China showed that the barcode is effective in species identification (Feng et al., 2016). ITS2 has
also been used to identify P. angulata among Solanaceae plants (Ralte and Singh, 2021).

To date, there have been no reports on the identification of Physalis species both in the wild and
those cultivated in Kenya. Molecular characterization using simple sequence repeat (SSR)
markers made the assumption that only P. peruviana is present in Kenya (Muraguri et al., 2021).
The present study was therefore aimed at identifying and clarifying the phylogenetic
relationships of Physalis species in Kenya using the sequence and structural information of 1TS2
barcode gene. The ITS2 barcode-anchored species delimitation would be useful for genetic

resource conservation as well as augmenting future breeding programs.
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4.2 Materials and methods

4.2.1 Plant material and sample collection

Leaves of Physalis plants were randomly collected from eight Counties in Kenya namely
Nyamira, Kiambu, Nakuru, Kajiado, Nyeri, Homa Bay, Elgeyo-Marakwet and Kericho (Figure
4.1 and Table 4.1). The samples were collected from April to June, 2019. The eight counties
were selected based on the presence of Physalis germplasm. Geographical coordinates of
locations and the number of Physalis plants sampled are presented in Table 4.1. Leaves were
sampled in triplicates from 68 Physalis accessions (Appendix 1 A) based on availability as all
plants were collected from the wild except for the samples from Elgeyo-Marakwet County which
were collected from a Physalis plant farmer. The collection of Physalis leaf samples and storage
in preparation for genomic DNA extraction was done as described in section 3.2.1.
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Figure 4.1. Locations from the eight counties in Kenya where Physalis plants were sampled.
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Table 4.1. Geographical coordinates and number of Physalis samples collected from each of the

selected eight Counties in Kenya

No. | Main Specific Location | Latitude Longitudes | Number of leaf
Location samples
(County) collected

1. | Kericho Londiani, Sorget 0.0684° S 35.5548°E | 10

2. | Elgeyo- Chebororwa 0.9487° N 35.4234°E | 13
Marakwet

3. | HomaBay | Ndhiwa 0.7299° S 34.3671°E |3

4. | Nyeri Mukurweini 0.5609° S 37.0488°E |5

5. | Kajiado Ongata Rongai 1.3939° S 36.7442°E |5

6. | Nakuru Gilgil market 0.4923° S 36.3173°E |1

7. | Kiambu Tigoni 1.1651° S 36.7065° E | 17

Thika 1.0388° S 37.0834°E |9
Nyathuna 1.1859° S 36.6782°E |1
Muguga 1.2551° S 36.6580°E |1
8. | Nyamira Magwagwa 0.4830° S 35.0222°E |3

4.2.2 Molecular authentication of Physalis plants

4.2.2.1 Genomic DNA extraction

Physalis accessions genomic DNA extraction, purification, viewing and storage was carried out

as described in section 3.2.2.1.

4.2.2.2 PCR amplification and sequencing
Polymerase chain reaction (PCR) amplification for internal transcribed spacer (ITS) of nuclear
ribosomal DNA of Physalis accessions was performed using ITS2 primer. PCR amplification,

purification of PCR products and sequencing was performed as described in section 3.2.2.2.
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4.2.2.3 Sequence and Phylogenetic analysis

The ITS2 sequences achieved were manually curated using BioEdit version 7.0.5.3 software
(Hall, 1999). Analysis of sequences in relation to curation of sequences, BLASTn analysis and
preparation of multiple sequence alignments was performed as described in section 3.2.2.3. The
two MSA prepared were for phylogenetic analysis and genetic diversity studies of Physalis
based on ITS2 marker only. The first MSA was performed using the ITS2 sequences of 34
Physalis accessions from this study and seven Physalis ITS2 reference sequences (AY665886.1,
MH763728.1, AY665905.1, AY665914.1, AY665903.1, AY665868.1 and MH763740.1) from
NCBI database while the second was prepared using the ITS2 sequences of the 34 Physalis
accessions only. The first MSA was used for phylogenetic analysis of Physalis accessions based
on ITS2 marker while the second was utilized for the determination of genetic diversity,
distance, polymorphism, neutrality and barcoding gap analysis of Physalis accessions based on
ITS2 marker. A phylogenetic tree was prepared using the Bayesian inference method by
MrBayes software version 3.2.7a (https://nbisweden.github.io/MrBayes/) as described in section
3.2.2.3 on 13" February 2023.

4.2.3 ITS2 secondary structure predictions

The RNA secondary structure predictions of the identified Physalis species were performed
using the nucleotide sequences based on three species identified from the MrBayes phylogenetic
tree, using rRNA database of RNAfold WebServer v2.4.18 (http://rna.tbi.univie.ac.at/cqi-
bin/RNAWebSuite/RNAfold.cqgi) (Lorenz et al., 2011; Gruber et al., 2008; Mathews et al.,

2004). The secondary structures of the representative Physalis accessions used in the current

study were generated. RNA secondary structures were predicated based on the minimum free

energy prediction method.

4.2.4 DNA divergence between and within Physalis accession populations

DNA divergence between and within Physalis species identified from the MrBayes phylogenetic
tree based on ITS2 sequences was determined using the DnaSP software version 6.12.03
(Kartavtsev et al., 2011). The 34 ITS2 Physalis sequences were used to create a multiple

sequence alignment (MSA). This MSA was uploaded and trimmed using Jalview software
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version 2.11.2.0 to ensure uniform sequence lengths. The trimmed MSA was then used for DNA
polymorphism analysis as described by Troshin et al. (2018, 2011). The edited MSA was then
fed into the DnaSP software to assess divergence within and between Physalis species

accessions.

DNA divergence between the three Physalis species identified was based on the analysis of
nucleotide diversity (Pi), average nucleotide substitution per site between populations (Dxy) and
number of nucleotide substitutions per site between populations (Da) as outlined by Jukes and
Cantor algorithm on DnaSP. DNA divergence within each of the three Physalis species based on

ITS2 gene was performed as described in section 3.2.3.

4.2.5 Determination of genetic distance between and within Physalis accessions

The interspecific, intraspecific and overall mean genetic distance of 34 Physalis accessions was
calculated based on the ITS2 sequences using Kimura 2 parameter (K2P) with gamma
distribution and a gamma parameter of 0.27 on the MEGA version 11 software (Kumar et al.,
2018). The MSA used in the genetic diversity analysis was uploaded into the MEGA 11.0
software and grouping of ITS2 Physalis sequences into the 3 identified species was performed.

Genetic distance was then calculated between and within grouped species based on K2P model.

4.2.6 Determination of DNA polymorphism
Sequence polymorphism of the ITS2 sequences was determined for all the 34 Physalis
accessions through the use of DNA Sequence Polymorphism (DnaSP) software and analysis

performed according to the parameters described in section 3.2.5.

4.2.7 Tajima’s neutrality test

Tajima’s neutrality test was performed using MEGA 11.0 software (Tamura et al., 2021). This
test helped to determine the frequency of mutations and selection among the 34 Physalis
accessions based on ITS2 sequences studied as described by Tajima et al., (1989). All

ambiguous positions were removed for each sequence pair (pairwise deletion option).
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4.2.8 DNA barcoding gap analysis
The ITS2 MSA for the 34 Physalis sequences were uploaded to ABGD website
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.htm| accessed on 17 February 2023) and

distance analysis performed based on K80 Kimura measure of distance described in section
3.2.7.

4.3 Results

4.3.1 Amplification and sequencing success rate

The success rate of PCR amplification calculated as the percentage of samples expected band
size in three attempts was 75% (Table 4.2 and Appendix 1 B). Some of the images of the
Physalis accessions amplicons are represented in Figure 3.2., 4.2. and 4.3. Sequence recovery
success rate of the ITS region was 67%. The lengths of the ITS2 sequences generated from
Physalis accessions were in the range of 237 - 707 bp, with an average of 523 bp. The mean GC
content was 61%, with a range of 55.1 - 66.9% (Table 4.2). All the sequences generated from the
amplification of ITS2 barcode were successfully deposited into the GenBank database (Table
4.3).

Table 4.2. Efficiency of PCR amplification and sequencing for Physalis accessions based on
ITS2 DNA barcode region.

Mean
Number  offNumber of o ) . GC
Barcode [Samples ] Amplification [Sequencing  [Alignment Sequence
. Amplicons  [Sequences o o Content
Region Tested (n) Efficiency (%) |[Efficiency (%) [Length (bp) [Length
Produced Produced (%)
(bp)
ITS2 68 51 34 75 67 707 523 61
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Figure 4.2. PCR amplicons for ITS2 sequences of Physalis accessions from Homabay (hb2i and
hb3i) Kajiado (norli), Nakuru (gmi) and Elgeyo-Marakwet counties (el-e7ini).

The letter L in Figure 4.2 above represents the DNA ladder, hb2i-e7ini represents the Physalis
accessions amplicons based on ITS2 sequence amplification.

Figure 4.3. PCR amplicons for ITS2 sequences of Physalis accessions from Kajiado (nor4i and
nor5i), Elgeyo-Marakwet (c2i and c5i), Baringo (mmi), Nyeri (ny4i) and Nyamira (mwa3i)
counties.

The letter L in Figure 4.3 above represents the DNA ladder, nor4i-mwa3i represents the Physalis
accessions amplicons based on ITS2 sequence amplification.

4.3.2 ldentification using BLASTn analysis

The ITS2 sequence of each sample was used to perform BLASTn analysis independently in
order to retrieve top hits available in the database and filtered by pairwise identity. The BLASTn
analysis results for the 34 Physalis accessions revealed that all sequences generated were of the
targeted loci. BLASTn analysis of ITS2 sequences from this study identified all the 34 (100%)
Physalis accession as Physalis species. The highest similarity recorded for the 34 ITS2
sequences was 99.37% for P. peruviana (AY665914.1) (Table 4.3). Based on ITS2 sequences,
23, 4, 3 and 2 accessions were found to be related to P. purpurea, P. cordata, P. peruviana and
P. aff. Philadelphica, respectively. Additionally, one sample each was found to be related to P.

minimaculata and P. microcarpa (Table 4.3).
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Table 4.3. BLASTn analysis results for the Physalis accessions based on ITS2 barcode gene.

Sample ID Species of | GenBank Max E Percent Percent GenBank
Best BLAST | accession score value | identity coverage | accession
match number (of (%) (%) number
database)

1 Chebororwa P. purpurea MH763740.1 | 972 0.0 94.70 91 0Q371996.1
C2iF

2 Chebororwa P. purpurea MH763740.1 418 4e-112 | 89.86 82 0Q371999.1
e2iniF

3 Chebororwa P. purpurea MH763740.1 | 963 0.0 94.26 91 0Q372000.1
e3iniF

4 Chebororwa P. purpurea MH763740.1 760 0.0 89.35 87 0Q372002.1
e5iniF

5 Chebororwa P. purpurea MH763740.1 | 937 0.0 93.75 93 0Q372003.1
e6iniF

6 Chebororwa P. purpurea MH763740.1 965 0.0 94.27 90 0Q372004.1
e7iniF

7 Gilgil gmi P. purpurea MH763740.1 161 5e-35 | 81.98 70 0Q372005.1

8 Muguga DMiF P. purpurea MH763740.1 | 880 0.0 93.83 97 0Q372007.1

9 Mukurweini P. peruviana | AY665914.1 355 4e-93 | 88.82 54 0Q372008.1
ny5SiF

10 | Ndhiwa hb2iF P. purpurea MH763740.1 | 965 0.0 94.28 92 0Q372009.1

11 | Ongata Rongai | P. purpurea MH763740.1 966 0.0 94.28 92 0Q372011.1
norliF

12 | Ongata Rongai | P. purpurea MH763740.1 955 0.0 94.09 92 0Q372013.1
nor4iF

13 | Ongata Rongai | P. purpurea MH763740.1 959 0.0 94.51 90 0Q372014.1
nor5iF

14 | Tigoni T2iF P. purpurea MH763740.1 577 7e-160 | 91.79 95 0Q372017.1

15 | Tigoni T9iF P. purpurea MH763740.1 750 0.0 92.22 96 0Q372019.1

16 | Tigoni T11iF P. purpurea MH763740.1 150 %9e-32 | 84.85 62 0Q372020.1

17 | Londiani 2i P. purpurea MH763740.1 | 686 0.0 92.98 100 0Q372021.1

18 | Londiani 3i P. purpurea MH763740.1 | 896 0.0 94.06 97 0Q372022.1
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19 | Londiani 5i P. purpurea MH763740.1 948 0.0 94.45 93 0Q372024.1
20 | Londiani 7i P. purpurea MH763740.1 540 le-148 | 86.00 98 0Q372026.1
21 | Londiani 8i P. purpurea MH763740.1 | 885 0.0 93.07 94 0Q372027.1
22 | Londiani 9i P. purpurea MH763740.1 758 0.0 88.96 100 0Q372028.1
23 | Londiani 10i P. purpurea MH763740.1 747 0.0 90.16 99 0Q372029.1
24 | Chebororwa P. cordata AY665886.1 451 5e-122 | 87.78 81 0Q371997.1
C5iF
25 | Chebororwa P. cordata MH763728.1 | 316 le-81 | 8224 95 0Q371998.1
eliniF
26 | Chebororwa P. cordata AY665886.1 407 1e-108 | 86.06 73 0Q372001.1
ediniF
27 | Ongata Rongai | P. cordata AY665886.1 300 2e-76 | 82.00 86 0Q372012.1
nor3iF
28 | Thika TK8iF P. AY665905.1 355 2e-93 | 88.51 94 0Q372015.1
minimaculata
29 | Thika TK9iF P. peruviana | AY665914.1 163 1e-35 | 80.36 80 0Q372016.1
30 | Magwagwa P. peruviana | AY665914.1 1147 0.0 99.37 92 0Q372006.1
mw3iF
31 | Londiani 4i P. peruviana | AY665914.1 1044 0.0 97.41 91 0Q372023.1
32 | Tigoni T4iF P.microcarpa | AY665903.1 250 le-61 | 86.78 81 00Q372018.1
33 | Londiani 6i P. aff. | AY665868.1 425 2e-144 | 91.35 100 0Q372025.1
philadelphica
34 | Nyathuna NKiF | P. aff. | AY665868.1 374 7e-99 | 90.00 91 0Q372010.1
philadelphica
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4.3.3 Multiple sequence alignment

Delimited ITS2 sequences were used for MSA preparation (Appendix 2B and Figure 4.4). The
MSA of the curated 34 ITS2 Physalis sequences and their seven reference sequences retrieved
from BLASTn analysis had a sequence length of 707 bp. The MSA was compressed using
ESPript 3 (http://espript.ibcp.fr) and is indicated in Appendix 2B
(https://espript.ibcp.fr/ESPript/temp/1101891838/0-0-1680467018-esp.pdf accessed on 17th

February 2023). This alignment had a high rate of nucleotide substitutions among and between

Physalis species studied. The substitution mutations entailed both transition and transversion
point mutations. The MSA of only the 34 ITS2 Physalis sequences, prepared by MUSCLE,
trimmed and viewed by Jalview had a sequence length of 533 bp. It was compressed using
ESPript and is indicated in Figure 4.4 (https://espript.ibcp.fr/ESPript/temp/1035513530/0-0-
1688384112-esp.pdf accessed on 17th February 2023). The latter MSA also showed substitution

mutations of the transition type between species. For example, at position 116 of the alignment,
most P. purpurea have an adenine nucleotide while the P. cordata and P. peruviana have a
guanine nucleotide. The substitution at position 116 of the MSA indicates a transition mutation
between species. On the other hand, at positions 130 and 138 of the MSA, all P. cordata have an
adenine nucleotide while P. purpurea and P. peruviana species have a guanine at this position
(Figure 4.4). This is an indication of transition mutations between species. An insertion mutation

of 6 nucleotides is noted between nucleotide 89 and 90.
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00372019.1 CTCGACC|GAT[GGCACAICCCCTMGCGCCT|C G|T|C ClAalc|T GCGCGGGGGAGCTEGTGCTTCGCTTGAARCACAAATGAIC
00372013.1 CTCGACCGATGaclacacceeT@ecaedric gTic calcls GCGCGGGGGAGCTGIGATTICGCTTIGARARCACAAATGAC
00372017.1 CTCGACCGAT|Ga|clacalccceTccaedricglT|c clalcse GCGCGGGGGAGCTGTGCTTCGCTTGAARCACRAATGAC
00372021.1 CTCGACCGAT|GGICIACA|CCCCTMGCGCOTICG|. C|C|G GCGCGGGGG.ACTGTIGTT .CGCTTGAARACACAARATGA|.
0Q372025.1 CTCGACCGATIGGICACA|ICCCCT[MGCGCCC|T|C G|T|C CA|C|G|G GCGCG GGAGCTGIGCTITCGCTIGAAACACAAATGACC
00372014.1 CTCGACCGATGGCIACAICCCCTMGCECCT|C GT|C CAlC|GIG GCGCGGGGGA|IGCTGIGCTITCGCTIGAARCACAAATGAC
00372022.1 CTCGACC[GA aclalcccecTloccedricdrccalclslccl@TlccccsecaapsaTereecTTecccTTGARRCACARATGAC
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00372000.1 CTCGACC[GAR acaccceToccedricgTiccalcTiccldTiccccecoaaRrleCTETGC TTCGCTTGAARCACRAATGA[C
0Q372004.1 CTCGACCGA IBACAICCCCTMGCGCOTICGT|ICCAICTIGCTIGCECEEGEGEAGCTGIGCTITCGCTIGAAACACAAATGAC
0Q372007.1 CTCGACCGH aclalccceTccecdricgriccalciTie cldT|c ceCGEGGEAGOTGTGCTTCECTIGAARCACAAATGAIC
0Q372009.1 CTCGACC|GH IACAICCCCTIMGCGCOTICGTICCAICTIGCETIGCCCGGGGEAGCTGTGCTTCGCTIGARACACAAATGAIC
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199 209 219 229 239

00372005.1 . .|.[...CQ TCACTAIGCTICGIATTIGCG. . . ~.. ... Jo . JrcATT O[T Te T ATG T . . [
0Q372026.1 . |-|- GGCA CCTCGACCCTGGCTTCGGG. . GACIAAGCCTT|ICICAAGAICITCCAAGG|T TITAICGGGAT|ITICTGCAAT
00372023.1 e o] GGCA] CCTCGGCCTTIGGUCTTCGGG. . CIGCAAGCGTTICAAAGACTCGATGGTTICAICGGGAT|ITICTGCA|AT
00372027.1 . .|.|.GGCR CCTCGACCTIGGCTTCGGG. . CACAAGCGTIICAAAGACTCGATGG T T|ICACHGGATITICTGCART
0Q372029.1 . .|.|.GGCAH CCTCGACCTIGGCTTCGGG. . CACAAGCGTIICAAAGACTCGAT GG T TICACHGGATITIcTIGCART
00372020,1 . .|.|..... ISR o 24T [ o [ O R S R
0Q372008.1 7TC|.[.GGCAIC ATCTCGGCTCTCGCTCGA|. . . W TIGAAARACGTATICGA. .| . . ATGTIGTIACITGIGITGGATTGCAAT
00372016.1 S [ e [ L GERAATCARARTGAITTIT ofe o|efe ofale]s o o v« .
00371999.1 TCT|CGGCH TCTCGGCTCTCGCATCGAGAAGACIGAGCG. .||, . . AMATCGATAC|ITT|GGTGIGRAT|.|. . GCA[GA
0Q372006.1 TCT|ICGGCH TCTCGGCTICTCGCATCGAT. . GAAGAACGTAGICGAAATGCGATACITTIGG|TG|T|IGAATTGCAGARA
0Q372018.1 PR N LCTCGTTITTTGGTITTTET . . 1S P P P 1 P PSS (P (PR R R P Y .
00372010.1 TCTICGGCA) TCTCGGCTCTCGCATCGAT. . GRAIGAACTTAT|ICGARATGCTATAC|TTIGGTGT|G AAIT|TGCAGR R

0Q372015.1 TC
00372002.1 TC|
00372028.1 TC
00371996.1 TC
00372019.1 TIC
00372013.1 TC
00372017.1 TC|
0Q372021.1 1|
00372025.1 TC
00372014.1 TIC
0Q372022.1 1IC
00372011,1 TC
00372000.1 T C
00372004.1 TC
00372007.1 TIC
0Q372009.1 TC
00372024.1 TC
00372003.1 TC
00371998.1 TIC
00372012.1 TC
0Q372001.1 TC
00371997.1 TI(

T
CCGCH G
CCGCA G
CGGCA G|
CGGCAACIGGATATCTCGGCTCTCGCATCGAT . . G|
CGGCAACIGGATAICTCGGCTICTICGCATCGAT . . G
CGGCRAACIGGATATCTCGGCTCTCGCATCGAT. . G
CGGCAACIGGATATCTCGGCTCTCGCATCGAT ., ., G
CGGCAACIGGATATCTCGGCTCTCGCATCGAT .. G
CGGCAACIGGATATCTCGGCTCTCGCATCGAT . . GAAGAACGTAGICGAAATGCGATA)
CGGCAACIGGATAICTCGGCICTICGCATCGAT . . GAAIGAACGTAGICGARAATGCGATA

G

e

G

G

G

G|

G|

G

G

G|

TCTCGGCTCTCACATCGAT. . T
G
G|
G|
Gl
G
G
G
G
G|

CGGCAACIGGATATICTICGGCTCTCGCATCGAT . . GIAAIGAACGTAGCGAANTIGCGATA
e
G|
G|
G|
G|
G|
G|
A
A
G|

TCTCGGUCTCTCGCATCGAT ., .
TCTCGGCTCTCGCATCGAT . .

TI[GAACGTA)
ARIGAACGTA)
IAAGAACGTA)
AAIGAACGTA)
IANAIGAACGTAH
AACAACGTA
ARIGAACGT A

CCGAAC|ICGCGATA
CGCAAATIGCGATA|
CGAAATIGCGATA|
CGAAATGCGATA
CGAAATIGCGATA
CCAAATIGCGATA
CGAAATIGCGATA|
ARIGAACGTAGCGAAATIGCGATA

T T|GG|T G
T T|GG|T G
TT|GG|T G
TTIGGITG
TT|GGITG
T TIGG[T G
T TGG|T GT
T T|GG|T G
TTIGGITG
TTIGGITG
GG|T G|
T T|GG|T G
TT|GGIT G
T TIGG|T G
TT|GG|T G
TT|GG|T G

TGCAGRAA
TGCAGAA
TGCAGAR
TGCAGAR
TGCAGAA
TGCAGAA
FGCAGAA
TGCAGAA
TGCAGQRAR
AR
TGCAGAR
T TGCAGAA
TGCAGAA
TGCAGAA
TGCAGAR
TGCAGAR
T T|GG|T G| TGCAGRA
C T|GG|T G| .GCAGA
T oo oo o|e]s o|-|-]- - CCAGA
TIGG|T G|T|G A . GCAGA
.GCAGA

G Al

G A

CGGCAACIGGATATCTCGGCTCTCGCATCGAT . . GAAIGAACGTAGICGAAARATGCGATA
CGGCAACIGGATATCTCGGCTCTCGCATCGAT . . GAAIGAACGTA|GICGAAATGCGATA
CCGCAACIGGATATCTCGGCTICTCGCATCGAT . . GAAIGAACGTA|GICGAAATGCGATA
CCGCAACIGGATAICTCGGCTICTCGCATCGAT . . GAAGAACGTAGICCGAAATGCGATA
CGGCAACIGGATATCTCGGCTCTCGCATCGAT. . GIAAGAACGTAGICGAAATGCGATA
CGGCAACIGGATATCTCGGCTCTCGCATCGAT. . GAAGAACGTAGICGAAATGCGATA
CCGCRAACIGGATATCTCGGCTCTCGCATCGAT . . GRAIGRAACGTA|GICGAARATGCGATA
. .GCAAGGAT. .TCTCGGCTCTCGCACG .|, .. . AIGAAGACGCTAGICGAATICIG. . . . B
CCATGGARA .|, . .TCTCGCCTCGC. . . TCGAGAGAAGCAAAGAALACGAACTTGGGT(
CGGCATGGAT . .TCTCGGCT . TCGCA.CGAT. .GAAGAACGTAGICGA.ATGCGATA
CGGCGAGGGATATCTCGGCT . TCGCTCGA|. .. .GARAGAACGTAGCGAAATIGCGATA|

V1 e e e e e e )

3]

= : .
St e e i e 9 i3t e b b 9 b b e
R RSN R e s A RN N I AR
A = s

G

a

B

@

T
T
T
T}
T
T
T
T
I
T
T
T
T
T
T
T
T
T
T
&
T}
T

QOPEPPEPOOCOOOOCOOO0000a0-.
] =]
—

ERED
[ER=]

59



00372005.1 ... .. ...[..0. oG e S ) ] S e AT e e e e
00372026.1 TCACACCARGTATCGICAT|I[TICGCTACGECCARGCICAGARACCGRAATATICCGECICCAGRAGGCATT|ITTTTIT/ICARGCG. L |&
00372023.1 TCACACCARGTATCGICAT|I[TCGCTACGCGA|TGC|GAGAGCCGAGATATCCGGCICGAG. AGTCGT|[IICGGT T|TARGCG. . |A
00372027.1 TCACACCARGTATICGICAT|I[TICGCTACGCGATGC|GAGRAGCCGAGATATICCGECICGAG]. AGTCAT|ITGETT|TTCRAGCGA
00372029.1 TCACACCARGTATCGICAT|ITICGCTACGCGATGC|GAGRIGCCGAGATATICCGECICGAG]. RGTCAT|TITGGT T|T|AR[GCG. . |&
00372020.1 . ..o e e e e ] e e e e e ] PR P PR I R (P (e (! oW\ /- WY (R (R R Y IO IR Y
00372008.1 CCCTGACGICGATCTIITGRICITIGAT T|GICGCCGT TC|TT T|G[CGGGIGACTGGCTICECT « v of e o v ol el oo ot NP
00372016.1 . .. .. .o oo alale oo le ol e e e e ] ] G T ACGARTICIAGAG]. G . L L. el o
00371999.1 TCCCGTG.[ACCATCGATCT[T. . . carGccaARrGTTlE. GclccecarcclcaT]. AlsGTIcGAG[. [sGCAGT[CIT . . coTigacca . ca
0Q372006.1 TCCCGTGARCCATCGAGTCITTTIGARCGCARGT IGCEIC/CCGARGCICAT|ITAGGCICGAG[. GCACETIcTGCCTGEcCETCR
00372018.1 ... ..o el e e e ] ] e PR T R I Y
00372010.1 TCCCGTGARCCATCTAGTC[ITIGAATGCARGTIIGT GIC[CCGARGTICTI|TA[IGTIIGAG|. GGCACGIICTGCC[TGG[GT . TCa
00372015.1 . .. ..o e e e e R O O R I
00372002.1 TCCCGTGARCCATCGAGTC[TTTGARCGCARGTTGT S ClcCcARGCICAT|TAGGTICGAG|. [ceCacaTicTGCCTlgEcCcAaTCR
00372028.1 TCCCGTGARCCATCGAGTICTTIGARACGCARGTIGTGICCCGARGCICAT|ITAGGTICGAG]. GGCACE[TICTCCCTGEGCATCR
0Q371996.1 TCCCGTGARCCATICGAGTICITIGAATGCARGTIGTGICCCCARGCICAT|TAGGTICGAG|. BGCACGTIICTECCTGGECATCR
00372019.1 TCCCGTGARRCCATCGRAGTIC|TTTGARCGCARGT T|GTGIC|CCGARGICICAT TAGGICICGAG |GGCACG[TICTGCC|TIGGCCATCA
00372013.1 TCCCGTGARCCATCGAGTIC|TTTGARCGCARGT T|GTGIClcC/GARGCICAT|TAGETICGAG|. cGCACETIcTGCCTlGEcCaT A
00372017.1 TCCCGTGARCCATCGRAGTIC[TITTGAAC|IGCAR|GT T|GTGIC|IC C/GARGICICAT|TAGETICCAG .|GGCACG[TTTGC T|TIGG|GC/TTC|T
00372021.1 TICCCGTGARCCATICGAGTIC[ITIGAACGCARGTIGT GIC[CCGARGCICAT|TAGGTICGAG|. GGCACGIICTGCC|TGGGCATCA
OQ372025.1 T o v|e v v afe afalo o afo afa]afele o w afalale alalu]e o afelalala]e ofs afo ofale o ale RIS ) P Y PR Y )
00372014.1 TCCCGTGARCCATCGAGTICTTT AR CGCARGTTIGTGClcCcarGcicaT|TAlcGTICGAG|. [s6CcacaTicTGCoTGaEccaTCR
00372022.1 TCCCGTGARCCATCGAGTICITTTGARCGCARGTTGTGClcC/cAAGCCATITAGETICGAG]. [cGCACETCTSCCTGE[cCcaTCR
00372011.1 TCCCGTGARCCATCGAGTC[TTIGAACSCARGTIIGT GIC|CCGARGCICAT|TA[CGTICCGAG|. GGCACGTIICTGCCTGEGCATCR
00372000.1 TCCCGTGARCCATCGAGTIC|TTT GAACIGCARGT I|GT|GIC|IC C/GAAGICICAT TAGGTICGAG . |GGCCACG[IICTGCC|TIGGGCATCA
00372004.1 TCCCGTGARACCATCGAGTC|ITTGAACGCAAGT T|GTGIClCCGARGCICAT|TAGETICGAG|. GGCACETcTGCC|IlGEcCATCA
00372007.1 TCCCGTGARCCATCGAGTC[TTTGARCGCARGT TIGT G IClcCcarGCCAT|TAGGTICGAG|. [cGCACETcTGCoTGaccaTCR
00372009.1 TCCCGTGARCCATCGAGTICITIGARACGCARGTIGTGICICCGARGCCAT|ITAGGTICGAG|. |GGCACGTIICTECCTIGGEGCATCR
00372024.1 TCCCGTGARCCAICGAGTIC|TTIGARCGCAAGTIICT CCIGAACCICATTA|CGTICGAG.|CGCACG|IICTGCCIIGGICCATCA
00372003.1 TCCCGTGARCCATCGAGTC|TTTGARCGECARGT T|GTGIC[CCGARAGCICAT|TAGETICGAG|. 5GCACETICTGCO|TGEGCATCA
00371998.1 TCCCGTG.ACCATCGAGTC[T]. . . caaGCaR. . [gTElcccaaacicat|. AlGETICGAG]. |GGCAG . [. TCaCCGalc . TCa
00372012.1 TCCCl. .TGRCCACCAGTIIT|. . . . [AAGCARARA. I|GTGIC[CCARARACICAT|. .AGCICGAG|.|GGCAGT[IT . . CC[T|GG[GCATCA
0Q372001.1 TCCCGTG.ACCATCGATCIT. . GARCGCARG. TIGTGIC[CCCARGCICAT|TAGGTICGAG|. GGCAG . [IICTGCCTGGGCATCR
00371997.1 TCCCGTG.ACCATCGATLT. . capcscaARGTTleTEclcdeapgccaTl. AlsGolcGad. . secacaTicT . cotigalccaT R
00372005.1 . .. ...l e e TR I S I e Nt e PR Y I S R o]
00372026.1 AGCACAGTCCCClGlcGeTCGCCGTI|G. . . GAC|GAG|GC . |CCGAGGGGTI|GICCATCGGTTCCTGGCGCGTTTCGT GCCAGGG
00372023.1 GGCgocacoclccelcscaeaodec|sl. . GACGGE|GCEICGA . [GGEGCEGCCETCEGECCTIG.|.|. GCGCETTCCGCGCE(GE
0Q372027.1 AGCAEcAGCCccelcecAaceCaT|c]. . . GACIGAGIGC/GICGA .[GGEGTT|GCCRTCCGCCI|TGEBCGCGTTICEGTGCCCGGG
00372029.1 AGCACAGCCCcCslcGCcaceCdsTIlGl. . GGACGAGIGCEICGATIGGEGTIGICCATCTGCCTIITGECGCGTTTTCGTGT T|G(G|G
00372020.1 CTCAC|ICGAGTICTAICCCTAGCCCGT « v v o o] o ofelele]e v v ae v oo o ofe]e o]e|e « . CCTTTTTTGGGTGCTICGGTTC.|.|.
00372008.1 ... .CCCACGCTClccCcCCGC|GOCICGECTGCGGACGTICTCRAGGGGG|GCARCCAGCGECCCGCGCG .. v v v v n .. GA|GIGG
00372016.1 ... .| v e fofe ofe]e e e R I [ R P N
00371999.1 CGCATICGCCGCCCICCCTCGCCCIGICACCGCGGC|GAGITGCGGGACG|G. [AACTGCCT|IICC|GTG. GCCATCGACTCGT|G
00372006.1 CGCATICGCCGcCclcccTeaCCCClGlCGCCGC|GGG|GC TITIGGCGGGACGGATMCTGGCCTICCCGTGCGCTCGCAGCGCEC|G
0Q372018.1 ... ... el e ]e e e P [P R R 1 I N D F R I .

00372010.1
00372015.1 ... el fe oe]e e e e e e P IS X Y PR PR R N IR IR RRPR RN FR R PR I ool
00372002.1 CGCATCGCC CCCTCGCCCTIGCACCGICIGGC|GCIGTTGC|GGGACG|GATRICTGGCCT|ITCCGTGCGCCATCGGCTCGTG
0Q372028.1 CTCATICGC( CCCTCGCCCT|GCACCGCGGLGCGITGCGGEACGTATIACTGGCCI|ICCGTI|GCGCCATCGGCTCGTG
0Q371996.1 CGCATICGCC CCCTCGECOCT|GCACCGCGGCECIGTITGCGGEACGGATACTGGCCT|IICCIGI/GCGCCATCGGC T CGTG
00372019.1 CGCATICGCC CCCTCGCCOCT|GCACCGCGGCGCGTITGCIGGEACGIGATIACTGGCCT|TICCIGT|GCGCCATCGGCTCGT G
00372013.1 CGCAT[CGC cccTecedeTigcACCGICGGCCICGIT TGC|GGCACG|GATRCTGGCCT|TCCGT|GCGCCATCGGC TCG|TG
00372017.1 CGCATICGCC cCCTCGC | o] n s 1S SR 1 Y R R R 1 R I R PR ..
00372021.1 CGCA[TCGCC CCCTCCCOCTGCACCGCGGCGCGT TCCGGEACGIBATIRCTGGCCT|TCC G
0Q372025.1 . ..o e e el o]l e e e e e o R 1 PR P ISP PN Y PR DR R R I N R R R
00372014.1 CGCATICGCC CCCTCGCOCT|GCACCGCGGCGCGTITGCGGEACGGATIACTGGCCT|TCCGT|GCGCCATCGGC T CGTG
0Q372022.1 CGCATICGC( CCCTCGCOCTIGCACCGCGGCGCGTITGCGGEACGIGATIACTGGCCI|ITCCIGT|GCGCCATCGGC T CGTG
00372011.1 CGCATCGCC CCCTCGCOCTIGCACCGCGGCGCETTGCGGEACGGATACTGGCCT|ITCCIGTIGTGCCATCGGC T CGTG
0Q372000.1 CGCATICGCC CCCTCGCOCT|GCACCGCGGCGCETTGCGGGEACG|GATRCTGGCCT|TCC|GT|GCGCCATCGGC T CGTG
00372004.1 CGCATCGCC CCCTCGCCCTIGCACCGIC|GGCGICGIT TCCGGGACGIGATACTGCGCCT|ITCCGTIGCGCCATCGGC TCG|T(G
00372007.1 CGCATICGC( CCCTCGCCCT|GCACCGCGGCGCGITGCGGEACGGATACTGGCCT|ICCGIGCGCCATCGGCTCGTG
0Q372009.1 CGCATICGCC CCCTCGECOCTGCACCGCGGCECGITGCGGEACGIGATIACTGGCCT|ICCGI|GCGCCATCGGC T CGT G
00372024.1 CGCATICGCC CCCTCRCOCTIGCACCGCGGC|GCIGTTGCGGEACGGATRCTGGCCT|TCC|GTIGCGCCATCGGC T CGTG
00372003.1 CGCATICGCC ccocTeGCOe T|GCACCGCGGCGC/GTTGCGGEACGGATRCTGGCCT|TCC|G T|GCGCCATCGGC T CGTG
00371998.1 CGCAT|CGCC CCCTCCCOCTICICGGCGIC|. GOIGAGTTGT|SGCATG|C|. TRICTGCTCC|. .« .|.|.|. CGTCGCCAAAGATICC
00372012.1 CGCATCGCC CCCTCCCCCCGCGGTOICGGGICAGTCGTCGCATGCATACTGCCCT|ICCCGT|CCGCTCGAAGAGCG|CG
00372001.1 CGCATICGCCG lccereceedeclECGG TGO GOGAGTCGTIGAGATG|G . TIBCTG|. . CT|CCCET|GCGCCG . AAGAGC|E[CG
00371997.1 CGCATICGCC [ccecTeeedeclgeGGTGOGGGIGAGTCGTIGAGATGIGATRCTGIGCCTICCCEGTIGCGC TCGAAGAGCECE

Figure 4.4. Multiple sequence alignment (MSA) for 34 Physalis accessions based on ITS2
sequences.
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4.3.4 Phylogenetic-based identification

The phylogenetic tree based on ITS2 sequences for the different Physalis species assigned each
of the Physalis accessions to its related species (Figure 4.5). The 3 Physalis species namely P.
cordata (0Q5372012.1, 0Q371998.1, 0Q372001.1 and 0Q371997.1), P. peruviana
(0Q372016.1, 0Q372008.1 and 0Q372006.1) and P. purpurea (0Q371996.1, 0Q371999.1,
0Q372000.1, 0Q372002.1 - 0Q372005.1, 0Q372007.1, 0Q372009.1 - 0Q2011.1,
0Q372013.1 - 0Q372015.1, 0Q372017.1, 0Q372018.1 - 0Q372029) formed independent
clades with > 80% branch support (Figure 4.5), indicating that Physalis species could be
successfully discriminated using 1TS2 sequences. The phylogenetic analysis indicates that the

Physalis accessions showed species variation with different percentage indices (Figure 4.5).
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5] Physalis cordaia voucher nor3i (0Q372012.1)
0 Physalis cordata voucher C5i (0Q371997.1)
= FPhysalis cordata voucher edini (0Q372001.1)
s Physalis cordata woucher elim (0Q371998.1)

o {ﬁPFIJEtIﬂ! cordata isolate PCORD (AY665886.1)
Physalis cordata voucher CORD:Enapp 10557 (MH763725.1)
80| Physalis minimaculata isolate PMINIMACH?6 (AY665905.1)
Physalis peruviana voucher TE% (0Q372016.1)
—T2 - : ;
Physalis peruviana voucher ny31 (0Q372008.1)

52

:T—lmﬂgrmﬁs peruvigna voucher mw3i (0Q3T2006.1)
82 Physalis peruviana 1sclate PPRV (AY665914.1)
52 Physalis microcarpa 1solate PMICROC (AY665903.1)
FPhysalis aff. philadelphica isolate PAFFPH (AY665568.1)
Fhysalis purpurea voucher CORD Barboza 3657 (MHT63740.1)

0 Physalis purpurea voucher T4i (0Q3720158.1)
Physalis purpurea voucher TE21 (0Q372015.1)
Physalis purpurea voucher T (00Q371019.1)

Physalis purpuren voucher eSini (0Q372002.1)
Physalis purpuren voucher DM (OQ372007.1)
Physalis purpurea voucher e7im (0Q372004.1)

Physalis purpurea voucher 1.31 (0Q3710212.1)

—— Physalis purpurea voucher e2im (0Q371999.1)
— Physalis purpurea voucher NE1 (00Q372010.1)
—— Physalis purpurea voucher L9 (0Q372028.1)
r Physalis purpurea voucher norli (0Q372011.1)
52 [ Physalis purpurea voucher e3im (0Q372000.1)

Physalis purpurea voucher efini (0QJ372003.1)
— Physalis purpurea voucher C21 (0Q3719946.1)
r Physalis purpurea voucher hb2i (0Q372009.1)
+ Physalis purpurea voucher T (0Q372017.1)
100 - Physalis purpurea voucher L3 (0Q372024.1)
— Physalis purpurea voucher nor51 (0Q372014.1)
- Physalis purpurea voucher nordi (00Q372013.1)

Fhysalis purpurea voucher L2i (00Q372021.1)

FPhysalis purpurea voucher L6i (0Q372025.1)
7] ——————— Physalis purpurea voucher T111 (0Q372020.1)

e Fhysalis purpurea voucher L4i (0Q372023.1)
100 _| % EP&}WHJ purpuren voucher 1.8@ (0Q372027.1)
Physalis purpurea voucher L10i (0Q372029.1)
———— Physalis purpurea voucher 171 (0Q372026.1)
Physalis purpurea voucher gma(0Q372005.1)

100

0.1

Figure 4.5. Phylogenetic tree derived from Bayesian inference analysis of the ITS2 gene of 34
Physalis sequences.

Plants from this study are presented in blue, red and green colors. Black color represents
reference sequences for different Physalis species retrieved from GenBank after BLASTn
analysis, red represents P. peruviana, blue represents P. purpurea and green represents P.
cordata. Numbers above branches represent the percentage posterior probability statistic for the
MrBayes phylogenetic tree.
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4.3.5 ITS2 RNA secondary structures predictions

Besides the use of divergence of primary sequences of ITS2, variations in ITS2 secondary
structures were also used to identify Physalis species. The ITS2 secondary structure predictions
based on minimum free energy (MFE) is shown in Figure 4.6. The optimal secondary structure
for P. cordata (0Q372001.1), P. peruviana (0Q372006.1) and P. purpurea (0Q371996.1) had
minimum free energies of -204.90 kcal/mol, -312.90 kcal/mol and 266.90 kcal/mol with free
energy of thermodynamic ensemble of -210.51 kcal/mol, -322.47 kcal/mol and -275.94 kcal/mol
and the frequency of the MFE structure in the ensemble of 0.01%, 0.00% and 0.00%,
respectively. The ensemble diversity for P. cordata (OQ372001.1), P. peruviana (0Q372006.1)
and P. purpurea (0Q371996.1) was 136.00, 146.99 and 149.89, respectively.

The secondary structure of P. cordata (OQ372001.1 used as a representative) had 26 double
helices, 26 loops and 2 single helices. The secondary structure of P. peruviana (0Q372006.1
used as a representative) had 39 double helices, 36 loops and 5 single helices. Physalis
(0Q371996.1) was chosen as the representative accession for P. purpurea and the secondary
structure had 43 double helices, 41 loops and 4 single helices. The secondary structure
predictions showed variations among the 3 Physalis species. The predicted ITS2 secondary
structures of the 3 Physalis species represented 3 different structures with a central ring and
different helical orientations (Figure 4.6). The studied Physalis species showed a unique
secondary structure that differed with the reference structure in two respects, the length of
helices and the number of loops on their helices (Figure 4.6). The variation in helices length in
the secondary structure of ITS2 was observed in different Physalis species (Figure 4.6). The loop
number, position, size and angle from the centroid were distinguishable in all the three Physalis
species. Besides the differences in the number of stems and rings, the shape and distribution of
stem-loops in the secondary structure of the 3 Physalis species were notably different (Figure
4.6).
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Figure 4.6. The predicted secondary structures of the ITS2 region of three Physalis species.

4.3.6 Genetic divergence analysis

4.3.6.1 DNA divergence between populations based on ITS2 sequences

Divergence between Physalis accessions in this study was determined by calculating the
nucleotide diversity, average nucleotide substitutions per site between populations and number of
net nucleotide substitutions per site between populations (Table 4.4). There were varying shared
mutations among the Physalis accessions. The highest number of shared mutations at 11 was
observed between P. peruviana and P. cordata populations. The lowest shared mutations at 3
were observed between P. peruviana and P. purpurea. The highest nucleotide diversity
(0.36923) was obtained between P. peruviana and P. cordata while the lowest nucleotide
diversity (0.15062) was recorded between P. peruviana and P. purpurea. There were no fixed
differences between P. peruviana and P. purpurea populations as well as between P. purpurea

and P. cordata. Two fixed differences were recorded between P. peruviana and P. cordata

populations, which had the highest nucleotide diversity.
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Table 4.4. DNA divergence between (interspecific) Physalis species populations based on ITS2

sequences
Population P. P. P. P. P. P.
peruviana | cordata | peruviana | purpurea | purpurea | cordata
(P1) (P2) (P1) (P2) (P1) (P2)
Polymorphic sites in each
] 37 33 7 16 17 8

population
Total number of

o 49 17 18
polymorphic sites
Average number of

o 24.000 3.464 3.796

nucleotide differences
Nucleotide diversity Pi (t) 0.36923 0.15062 0.16503
Number of fixed differences | 2 0 0
Mutations polymorphic in
opulation 1 (P1) but
Pop o (P1) ) 32 4 17
monomorphic in population
2 (P2)
Mutations polymorphic in

Pow -p- 28 18 3
P2 but monomorphic in P1
Shared mutations 11 3 6
Average number of
nucleotide differences | 25.750 4.284 4.185
between populations
Average nucleotide
substitution per site between | 0.39615 0.18626 0.18196
populations (Dxy)
Number of net nucleotide
substitutions per site | 0.04359 0.01383 0.00449

between populations (Da)

65




4.3.6.2 DNA divergence within populations based on ITS2 sequences

DNA divergence within each population of the identified Physalis species was determined based
on ITS2 sequences (Table 4.5). The highest nucleotide diversity was recorded within the P.
peruviana population at 0.26324 despite this population having moderate number of
polymorphic segregating sites at 80 and moderate number of nucleotide substitutions at 89
(Table 4.5). The lowest nucleotide diversity was recorded for P. purpurea population at 0.15883
and this corresponded to the lowest number of polymorphic segregating sites at 37 and lowest
number of substitutions at 37. Moderate nucleotide diversity was recorded for P. cordata
population at 0.17167 and this population had the highest number of polymorphic segregating

sites (89) and number of nucleotide substitutions (102).

Table 4.5. DNA divergence within (intraspecific) Physalis species populations based on ITS2

sequences
Physalis species P. peruviana P. cordata P. purpurea
Total number of sequences 3 4 27
Number of polymorphic
) _ POLYMOTP 80 89 37

(segregating) sites (S)
Nucleotide  diversity  Pi

0.26324 0.17167 0.15883
(Total)
Nucleotide diversity Pi (JC-

0.32423 0.19494 0.17848
Total)
Theta (Total) 0.27726 0.18545 0.26665
Total number of substitutions | 89 102 37

4.3.7 Genetic distance between and within Physalis species based on ITS2 sequences

The overall average genetic distance among all Physalis accessions studied was determined to be
0.51 + 0.04. The highest genetic distance (0.703) was obtained between P. cordata and P.
peruviana and the lowest genetic distance (0.050) was between P. purpurea and P. peruviana
(Table 4.6).
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Table 4.6. Mean genetic distance between (interspecific) Physalis species based on ITS2

sequences

Groups P. purpurea P. peruviana P. cordata
P. purpurea 0.050 0.057

P. peruviana 0.571 0.071

P. cordata 0.633 0.703

The average intra-specific distance within each Physalis population was determined based on
ITS2 sequences. The highest mean intraspecific distance (0.46+0.05) was recorded within the P.
peruviana with no significant difference with the intra-specific distance of P. purpurea
(0.43+0.05). The lowest mean intra-specific distance was within the P. cordata population at
0.28+0.03.

4.3.8 Nucleotide polymorphism and neutrality tests

Eight polymorphic sites were identified for the ITS2 gene sequences of the 34 Physalis
accessions used in this study (Table 4.7). The nucleotide diversity (Pi) of the gene sequences was
0.14810 (Table 4.7). The eight polymorphic sites had one singleton and seven parsimony
informative site mutations (Table 4.7).

Table 4.7. DNA polymorphism of Physalis accessions based on ITS2 marker

Polymorphic sites/ Segregation sites (S) 8 | Position in the gene | Variants

Singleton 1 |188 4

Parsimony informative sites 7 |169 2
171 2
172 2
183 2
186 2
189 2
170 3

Nucleotide diversity (Pi) 0.14810

Average number of nucleotide differences (k) 1.777

Sequence length (base pairs) 533

Number of sequences 34
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Tajima’s neutrality test was performed on all 34 ITS2 sequences of Physalis accessions to
establish selection of the species based on the Tajima D value and the nucleotide diversity.
The number of segregating sites (S) and nucleotide diversity (m) was 464 and 0.155388,
respectively. The Tajima D value obtained was -1.034267.

4.3.9 Genetic differences and barcoding gap analysis

Automatic barcode gap discovery (ABGD) results generated by the K80 Kimura measure of
distance (K2P) based on the ITS2 gene sequences for Physalis accessions were used to assess the
presence of a barcoding gap. Based on the ITS2 gene sequences, all pairwise distances were
ranked by increasing the distance values from 0.00 to 1.36 and absence of barcoding gaps was
detected (Figure 4.7).

18
abr 102

Distance values

Figure 4.7. A histogram indicating the hypothetical distribution of pairwise differences of 1TS2
gene sequences for 34 Physalis accessions.

Low divergence is presumably intraspecific divergence, whereas higher divergence indicates
interspecific divergence. The abbreviation nbr on the y-axis of the histogram stands for the

number of pairwise comparisons. No barcode gaps were detected.
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4.4 Discussion

Currently, there is a growing demand for Physalis species worldwide due to their nutritional and
medicinal value (Shenstone et al., 2020). Physalis species are widely diverse as there are more
than 85 species of Physalis distributed throughout the world (Vargas et al., 2001). Different
Physalis species have different applications and therefore accurately identifying the Physalis
plants using molecular genetics will enhance the quick and precise identification of species for
utilization, genetic resource conservation and development of genetic breeding programs
(Shenstone et al., 2020; Feng et al., 2016). Morphological identification is not reliable due to
high phenotypic similarities among Physalis species (Whitson and Manos, 2005). It is therefore
important to use molecular identification tools such as DNA barcoding in the identification of
Physalis (Feng et al., 2014). This study focused on the use of the DNA ITS2 region as a
recognition tag to identify and discriminate Physalis species in Kenya.

The results from sequence characteristics, genetic distance, phylogenetic relationships and
secondary structure analyses showed the remarkable potential of ITS sequences for
distinguishing Physalis species. The potential to discriminate at the species level and ease of
amplification makes ITS a favourable locus for the barcoding of plants (Pang et al., 2011; Li et
al., 2010). Several researchers have demonstrated the usefulness of the nuclear ITS region as a
DNA barcode for determining high levels of inter-specific genetic divergence among land plants
(Mishra et al., 2017; Zhang et al., 2016). One of the most important criteria required for a
successful DNA barcode is the presence of a high rate of PCR amplification and good quality
sequences among the different target species. In this study, the use of the ITS2 barcode locus was
successful as the PCR amplification and direct sequencing success rates were 75% and 67%,
respectively. This compares to other reported studies whereby the amplification of the ITS2 gene
gives a higher success rate than the sequencing (Kang et al., 2017; Zhang et al., 2015). Contrary
to the present study, Feng et al. (2016) reported a 100% PCR amplification and sequencing
success rate of ITS region in Physalis species. The amplification and sequencing success rate of
ITS2 has been shown in other studies to be much lower compared to other barcoding genes such
as rbcL, matK and psbA-trnH (Kang et al., 2017; Huang et al., 2015).
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The ITS2 phylogenetic tree based on Bayesian inference revealed that the Physalis accessions
were closely clustered together with the sequences of P. cordata, P. peruviana and P. purpurea
chosen from the BLASTn search. The resultant phylogenetic tree identified and discriminated
the Physalis accessions into three species namely P. cordata, P. peruviana and P. purpurea.
Studies have shown that plant species identification based on BLASTn and phylogenetic tree
analysis are reliable as long as the species under study have a reference dataset in the GenBank
(Ross et al., 2008). This is the first report indicating the identification of P. purpurea and P.
cordata from Physalis accessions in Kenya. This is an indication that the ITS2 region can
accurately discriminate Physalis species and also identify new species that had not been
previously reported in a particular region. ITS2 was able to effectively distinguish Physalis
species and facilitate the identification of three Physalis species among the accessions studied.
This supports previous studies that the ITS2 barcode has a higher discriminatory ability among
species than other barcodes such as rbcL which tend to be highly conserved in different plant
species (Li et al., 2017). In other studies, ITS2 has been identified as a promising DNA barcode
due to its fast substitution rate and hence variability that provides satisfactory resolving power
for closely related species (Zhang et al., 2015).

Although ITS2 nucleotide sequences are substituted at a fast rate, their secondary structures are
largely conserved and can also be utilized in the identification of species (Feng et al., 2016,
Zhang et al., 2015). The ITS2 sequence usually functions as a secondary structure in cells. In
addition, the secondary structure contains genetic information that can be used for the
classification and identification of plant species (Chen et al., 2012). In this study, we explored
the differences in ITS2 secondary structures between three species of the genus Physalis. The
ITS2 secondary structure inherently gave a visual distinctiveness between the three Physalis
species. In our study, the prediction of the secondary structures in the three Physalis species
revealed diverse secondary structures with distinguishable loop numbers, positions and
elevations from the centroid. The ITS2 secondary structures revealed the uniqueness of the
generated DNA barcode sequences. These unique genetic structures at the conserved nuclear
region of Physalis species can be used to develop species-specific markers for the identification

of Physalis accessions.

70



The genetic diversity of Physalis accessions studied largely concurred with the phylogenetic and
genetic distance analysis. Both genetic diversity and genetic distance indicated the relatedness of
species and in this study, P. purpurea and P. peruviana seem to be closely related while P.
peruviana and P. cordata seem to be more diverse. Genetic diversity within (intraspecific
divergence) species is assessed to determine the diversity of a group of organisms within a
species. The high nucleotide diversity within P. peruviana is an indication that genetic change is
much higher in this species than other species identified in this study. Intraspecific variation is
important for evolution, adaptation and competition seen within the same species that can over
time lead to genetically distinct members of a population adapted to specified environmental
conditions such as cultivars (O’Dell and Rajakaruna, 2011). This information concurs with a
previous study that showed high genetic divergence within P. peruviana populations and even
when compared to other related taxa (Garzon-Martinez et al., 2015). The ABDG analysis was
able to show the general intraspecific divergence within the Physalis accessions in this study as
well. The maximum intraspecific distance Pmax based on the ITS2 gene was 0.1 an indication that
there is divergence within Physalis species. Intraspecific divergence is important as it creates
variation among a species and allows for better conservation of the species in different

environments.

The nucleotide polymorphism showed that the 34 Physalis accessions had eight polymorphic
sites, with one singleton and seven parsimony informative sites. Higher polymorphic sites are
consistent with high genetic diversity, an indication that the gene analyzed was effective in
discrimination of Physalis species. The Tajima D value for the 34 Physalis accessions in this
study gave a negative value of -1.034267, an indication that the population had a negative
selection and higher low frequency mutations that can help in the differentiation of the Physalis
species (Carlson et al., 2005). This study shows that ITS2 is an ideal candidate barcode for

discrimination of Physalis species.

4.5 Conclusion
In the present study, ITS2 was found to possess a sufficient variable region between the different
species and accessions for the determination of genetic divergence with high discriminatory

ability. DNA barcode ITS2 was highly efficient in the identification and discrimination of
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Physalis species. ITS2 was found to possess a sufficiently variable region between the different
accessions and species for the determination of genetic divergence with high discriminatory
ability. The Physalis accessions were identified and discriminated into three species namely P.
peruviana, P. purpurea and P. cordata. Our study revealed significant variations in ITS2
secondary structure predictions that enhanced discrimination among the three identified Physalis
species. This study provides insight into the scope of the development of species-specific primers
for the discrimination of the three Physalis species. Understanding the RNA molecules would be
useful for the selection of parents in trait-specific breeding strategies for Physalis improvement.
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CHAPTER FIVE

5.0 Molecular identification and genetic diversity assessment of Physalis accessions using
ribulose-1,5-bisphosphate carboxylase large (rbcL) DNA barcode

5.1 Introduction

Physalis genus is one of the key genera in the plant family of Solanaceae (Nightshade family)
(Martinez, 1998). Various species of Physalis have been identified both morphologically and
using molecular genetic analysis. Physalis species are found all around the world in tropical and
temperate regions growing mostly as wild plants with a few countries such as Colombia taking
up farming of Physalis for economical use (Chacén et al., 2016). Few species of Physalis are
native to countries in the regions of Americas and others have been introduced in Eurasia and
Southeast Asia (Vdovenko et al., 2021; Feng et al., 2020). In China five species of Physalis have
been identified and these include; P. minima, P. alkekengi, P. peruviana, P. pubescens and P.
angulata (Chinese Academy of Sciences, 1978). Two variants of Physalis have also been
identified in China and they include; Physalis angulata var. villosa and P. alkekengi var.
franchetii (Chinese Academy of Sciences, 1978). P. peruviana L. is native to the Andes of South
America (Cailes, 1952). In the United States the Physalis species Physalis grisea is usually
cultivated while in Mexico the two Physalis species P. angulata L. and P. philadelphica Lam are
cultivated (Vargas-Ponce at al., 2016). Physalis species grow in areas from sea level to
elevations of about 3,000 metres, they can also be found in a wide array of different climates
such as high humidity areas to deserts as well (Vargas-Ponce et al., 2016; Toledo, 2013). The
three species of Physalis namely P. philadelphica, P. pubescens and P. peruviana are widely

cultivated in different parts of the world, mostly for their edible fruits (Sang-Ngern et al., 2016).

Physalis is a plant with high content of antioxidants, minerals and vitamins hence possessing
medicinal value. The fruits of some Physalis species are edible and have high nutritive and
antioxidant value (Shenstone et al., 2020; Puente et al., 2011). Physalis species of
pharmacological interest such as P. cordata, P. minima, P. pubescens and Physalis pruinosa
have been shown to produce compounds such as flavonoids, physalins, withanolides and saponin

with medicinal value (Shah and Bora, 2019; Lima et al., 2014). The high number of diverse

73



metabolites produced by Physalis species could be an indication of their variability at the genetic
level among the different species (Sandoval-Padilla et al., 2022). Morphologically Physalis
species appear similar and can be easily misidentified (Feng et al., 2020). Physalis species are
also morphologically similar to other plants of the Solanaceae family such as N. physalodes
(Feng et al., 2016). Traditional morphological identification has greatly been hampered by
heritable variations in Physalis species as well as differences in growth environments (Vargas-
Ponce et al., 2011). The biologically active compounds with medicinal properties differ among
the various species of Physalis that morphological look similar (Feng et al., 2018). In order to
prevent improper use of Physalis in medicinal application it is crucial that reliable identification

of Physalis species is done.

DNA barcoding has proven reliable in the rapid and accurate identification of plant species using
short nuclear and chloroplast genes of plants to assess sequence diversity (Feng et al., 2015).
Widely used DNA barcodes in the identification of plant species are the chloroplast DNA
sequences including ribulose bisphosphate carboxylase large (rbcL), maturase K (matK), and
psbA-trnH (Feng et al., 2018). Specifically, rbcL has been shown to have a higher distinguishing
potential of plant species than matK or a combination of the two genes in previous studies (Tran
et al., 2021). Among the several plant barcodes that have been identified, rbcL is proposed as
one of the ideal plant barcoding loci by the Consortium for Barcode of life (CBOL) (Tran et al.,
2021). It is however important to note that the ideal loci for plant barcoding will differ depending
on whether they are used to identify taxonomic groups or for species discrimination (Tran et al.,
2021). It has been noted that there is more species variation of the chloroplast DNA barcode
matK as compared to rbcL which seems to be more conserved (Thitikornpong et al., 2018).
Another study showed that DNA barcodes matK and psbA-trnH provided more rates of variable
sites than rbcL which possessed more conservation sites (Li et al.,, 2017). Other studies,
however, rbcL showed better species resolution of various plants studied as compared to matK
(Fatima et al., 2019). This is a clear indication that the efficiency of a DNA barcode in species

resolution can vary in different species of plants.

The objective of this study was to evaluate the efficiency of rbcL DNA barcode in the species

discrimination of Physalis plants collected in various regions of Kenya. This is important as it
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will promote genetic conservation and increase in breeding programs of Physalis which is
considered an orphan plant and grows mostly in the wild. This could also open up a channel for
the value addition, classification, protection and conservation of Physalis species and accessions
in Kenya.

5.2 Materials and methods

5.2.1 Plant material

Leaves and fruits of Physalis plants were randomly picked from Baringo, Kericho, Nairobi,
Elgeyo Marakwet, Nyeri, Kajiado, Homabay, Kiambu, Nakuru and Machakos counties of Kenya
from April 2019 to January 2021 as indicated in Figure 5.1. The locations from where samples
were collected including their geographical coordinates are indicated in Table 5.1 and Appendix
1 A. The collected Physalis plant samples were placed in zip lock bags and stored in a cool box,
transported to the laboratory and identified by the taxonomist Mr. Patrick Mutiso and part of the
samples were preserved in the University of Nairobi herbarium in the Department of Biology
(Code of Voucher Specimen: KP/UON2019/001). Seventy-eight plants as indicated in Appendix
1 A were sampled for their leaves and fruits based on phenotypic characteristic and availability
from the ten counties in Kenya. All Physalis plants collected were wild self-propagating plants
except those from Elgeyo-Marakwet that were collected from a gooseberry farmer. The leaves
were utilized in the extraction of DNA for molecular identification and Physalis species

discrimination.
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Figure 5.1. Map showing the location of Physalis sampling in 10 counties within Kenya.
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Table 5.1. Geographical coordinates and number of samples picked from the various regions of

Physalis sampling within 10 different counties in Kenya

No. | Main Location Specific Latitude Longitude | Number of

Location samples
collected

1. | Londiani Sorget 0.0532° S 35.5548°E | 10

2. | Elgeyo Marakwet | Chebororwa 0.9487° N 35.4234° E | 13

3. | Homabay Ndhiwa 0.7299° S 34.3671°E | 3

4. | Baringo Maji Mazuri 0.0076° S 35.6861°E |1

5. | Kajiado Ongata Rongai | 1.3939° S 36.7442°E | 5

6. | Nyeri Mukurweini 0.5609° S 36.0488°E | 5

7. | Nakuru Gilgil market | 0.4923° S 36.3173°E |1

8. | Nairobi Kilimani 1.2893° S 36.7869°E | 4
Valley Arcade | 1.2907° S 36.7692°E | 2

9. | Kangundo Tala 1.2670° S 37.3201°E |4

10. | Kiambu Tigoni 1.1651° S 36.7065° E | 17
Thika 1.0388° S 37.0834°E | 9
Kahuho 1.2082° S 36.6795°E | 2
Banana Hill 1.1760° S 36.7550° E |1
Muguga 1.2551° S 36.6580°E |1

5.2.2 Molecular authentication of Physalis plants

5.2.2.1 Genomic DNA extraction

Physalis accessions genomic DNA was isolated, purified, viewed and stored as described in
section 3.2.2.1.

5.2.2.2 Polymerase chain reaction and DNA sequencing
Polymerase chain reaction (PCR) amplification of Physalis accessions was done using DNA
barcoding primer rbcL (Lledo et al., 1998) presented in Table 3.1. PCR amplification,

purification of PCR products and sequencing was performed as described in section 3.2.2.2.
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5.2.2.3 Sequence and phylogenetic analysis

The sequences of rbcL gene for Physalis accessions attained were curated, subjected to BLASTn
analysis, used to prepare MSAs and phylogenetic trees as described in section 3.2.2.3. The MSA
for the construction of MrBayes phylogenetic tree was prepared using the 56 Physalis rbcL gene
sequences that had successfully been sequenced and BLASTn generated reference sequences for
Physalis rbcL accession sequences. The MSA for the genetic diversity, nucleotide
polymorphism, neutrality test and Automatic Barcode Gap Discovery (ABGD) analysis was
generated using the 56 Physalis rbcL gene sequences only.

5.2.3 Genetic divergence within Physalis population based on rbcL sequences

DNA divergence within Physalis accession was assessed based on rbcL marker using DnaSP
software version 6.12.03 (Kartavstev, 2011). DNA divergence within Physalis population based
on rbcL sequences was done as described in section 3.2.3.

5.2.4 Genetic distance assessment within Physalis population based on rbcL sequences
Intraspecific and overall genetic distance of Physalis accessions based on the rbcL marker only
was determined as described in section 3.2.4 using the 56 Physalis accessions rbcL sequences.

5.2.5 Determination of nucleotide polymorphism
Sequence polymorphism of the barcoding region rbcL was screened in all the sequenced
Physalis accessions using the multiple sequence alignment for the 56 Physalis accessions rbcL

sequences only as described in section 3.2.5.

5.2.6 Tajima’s neutrality test

A Tajima’s neutrality test for rbcL sequences of Physalis accessions under study was done to
determine the frequency of mutations among Physalis population and to determine the selection
of the population (Tajima, 1989). The test assessed the Tajima D value among rbcL sequences
and nucleotide diversity using MEGA 11.0 (Nei and Kumar, 2000; Tamura et al., 2021). This
analysis involved 56 Physalis accessions rbcL sequences. Codon positions included were
1st+2nd+3rd+Noncoding. All ambiguous positions were removed for each sequence pair
(pairwise deletion option). There were 730 positions in the final dataset. Multiple sequence

alignment used for this analysis was based on the 56 rbcL sequences only
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5.2.7 Barcoding gap determination within Physalis accessions based on rbcL sequences
The multiple sequence alignment for the 56 rbcL sequences only was uploaded to ABGD
website (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) and distance analysis performed

based on K80 Kimura measure of distance as described in section 3.2.7.

5.3 Results

5.3.1 Amplification and sequencing success rate of Physalis accessions based on the rbcL
marker

A total of 64 DNA samples out of 78 Physalis accessions were successfully amplified (Table 5.2
and Appendix 1 C). Some of the rbcL amplicons are indicated in gel images (Figure 3.3. and
5.2). The amplification success rate was 82% (Table 5.2). The amplicons from the 64 accessions
were sequenced of which sequences were obtained from 56 Physalis accessions. The sequencing
success rate was 88%. The rbcL sequences of the 56 Physalis accessions had a length range of
463 - 854 bp and an average length of 690 bp. The range of GC content was 42.1 - 45.5 % with
an average of 43.4% (Table 5.2).
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Table 5.2. Efficiency of PCR amplification and sequencing for Physalis accessions rbcL DNA barcode regions.

Barcode | Samples | Number of | Number Percentage of | Percentage | Alignment | Mean Mean
region tested amplicons of amplification | of length (bp) | sequence | GC
(n) produced sequences | efficiency sequencing length content
produced | (%) efficiency (bp) (%)
(%)
rbcL 78 64 56 82 88 854 690 434

qmr nortr eline Zir e3inr edinr esinr esinr elirr

Figure 5.2. PCR amplicons for rbcL sequences of Physalis accessions from Nakuru, Kajiado and Elgeyo-Marakwet counties.

The letter L in Figure 5.2 above represents the DNA ladder, gmr-e7inr represents the Physalis accessions amplicons based on rbcL
sequence amplification.
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The nucleotide base frequencies of the four standard deoxyribonucleotides at various coding
positions in the Physalis accessions for rbcL sequences is presented in Table 5.3. The most
abundant deoxyribonucleotide was thymine while cytosine appeared the least in the rbcL
sequences. It was noted that the GC content of the rbcL sequences was significantly lower than
the AT content (Table 5.4).

Table 5.3. The nucleotide base frequencies of candidate nucleotide sequences at different coding

positions in Physalis accessions.

Barcode region | Base contents (%)

A T G C AT | GC

rbcL 28.17 | 28.44 | 23.13 | 20.26 | 56.56 | 43.44

5.3.2 Identification of Physalis species based using BLASTn analysis based on rbcL
sequences

The BLASTnN analysis results for the rbcL sequences of 56 Physalis accessions that were
successfully sequenced are presented in Table 5.4. All 56 (100%) of the Physalis accessions rbcL
sequences were identified as Physalis species after BLASTn analysis. Eight out of the 56 rbcL
sequences of Physalis accessions gave 100% similarity with GenBank database sequences. The
eight Physalis accessions with 100% identity match in the GenBank include OQ507152.1,
0Q507153.1, 0Q507155.1, 0Q507157.1, 0Q507158.1, 0Q507159.1, 0Q507160.1 and
0Q507161.1. All eight sequences of the Physalis accessions were identified as P. minima based
on BLASTn analysis.
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Table 5.4. BLASTn analysis results for the Physalis accessions based on rbcL barcode gene.

Sample ID Species of Best | GenBank Max | E Percent | Percent GenBank
BLAST match | accession scor | value | identity | coverage | accession

number  (of | e (%) (%) number
database)

Chebororwa | P. peruviana NC_026570.1 | 1136 | 0.0 94.90 99 0Q507163.1

C2r

Chebororwa | P. peruviana NC_026570.1 | 1347 | 0.0 99.33 99 0Q507164.1

Cdr

Chebororwa | P. virginiana KT178121.1 |739 |0.0 95.46 100 0Q507165.1

C5r

Chebororwa | P. minima NC_048515.1 | 754 | 0.0 93.18 100 0Q507166.1

elinr

Chebororwa | P. minima NC_048515.1 | 1351 | 0.0 99.46 100 0Q507167.1

edinr

Chebororwa | P. minima NC_048515.1 | 1424 | 0.0 98.28 99 0Q507168.1

eeinr

Chebororwa | P. minima NC_048515.1 | 1343 | 0.0 99.19 100 0Q507169.1

e7inr

Chebororwa | P. minima NC_048515.1 | 1253 | 0.0 98.19 100 0Q507170.1

eginr

Gilgil gmi P. minima NC 048515.1 | 1144 | 0.0 99.06 100 0Q507171.1

Maji  mazuri | P. minima NC_048515.1 | 798 | 0.0 92.20 99 0Q507176.1

mmr

Valley P. minima NC_048515.1 | 1435 | 0.0 97.28 99 0Q507207.1

Arcade Vanr

Kilimani P. minima NC_048515.1 | 1267 | 0.0 99.29 99 0Q507175.1

SHRr

Kilimani P. minima NC_048515.1 | 1308 | 0.0 98.39 100 0Q507174.1

KL1

Kilimani P. minima NC_048515.1 | 1280 | 0.0 98.75 99 0Q507173.1

ANRr

Mukurweini | P. minima NC_048515.1 | 1411 | 0.0 96.49 100 0Q507178.1

nylr

Mukurweini | P. angulata NC_039457.1 | 1092 | 0.0 94.01 99 0Q507179.1

ny4r

Mukurweini | P. angulata NC_039457.1 | 1027 | 0.0 92.90 98 0Q507180.1

nysr

Ndhiwa hb2r | P. minima NC_048515.1 | 1341 | 0.0 93.33 99 0Q507181.1

Ndhiwa hb3r | P. minima NC 048515.1 | 1327 | 0.0 999.05 |99 0Q507182.1

Ongata P. peruviana | NC_026570.1 | 1303 | 0.0 95.47 99 0Q507183.1

Rongai nor3r

Ongata P. virginiana KT178121.1 | 1050 | 0.0 91.10 99 0Q507184.1

Rongai nor4r
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Ongata P. peruviana NC_026570.1 | 1323 | 0.0 98.92 99 0Q507185.1
Rongai nor5r

Tala KTr P. minima NC 048515.1 | 1123 | 0.0 97.01 100 0Q507186.1
Banana Hill | P. minima NC_048515.1 | 1192 | 0.0 96.28 99 0Q507162.1
JCBKr

Kahuho KKr | P. minima NC_048515.1 | 1016 | 0.0 99.82 100 0Q507172.1
Muguga P. minima NC_048515.1 | 845 | 0.0 98.74 100 0Q507177.1
DMr

Thika TK2r | P. minima NC_048515.1 | 1310 | 0.0 99.17 99 0Q507187.1
Thika TK3r | P. minima NC 048515.1 | 1352 | 0.0 97.59 99 0Q507188.1
Thika TK4r | P. minima NC_048515.1 | 1363 | 0.0 97.04 99 0Q507189.1
Thika TK6r | P. minima NC_048515.1 | 1336 | 0.0 97.33 99 0Q507190.1
Thika TK7r | P. minima NC 048515.1 | 1310 | 0.0 99.04 99 0Q507191.1
Thika TK8r | P. minima NC_048515.1 | 1120 | 0.0 99.04 99 0Q507192.1
Thika TK9r | P. minima NC_048515.1 | 1411 | 0.0 98.03 99 0Q507193.1
Tigoni T2r P. minima NC_048515.1 | 1053 | 0.0 98.31 100 0Q507194.1
Tigoni T4r P. minima NC_048515.1 | 1384 | 0.0 96.42 99 0Q507195.1
Tigoni Tér P. minima NC _048515.1 | 785 | 0.0 97.20 100 0Q507196.1
Tigoni T7r P. minima NC 048515.1 | 1315 | 0.0 98.14 93 0Q507197.1
Tigoni T8r P. minima NC_048515.1 | 963 | 0.0 98.89 99 0Q507198.1
Tigoni TOr P. minima NC_048515.1 | 1399 | 0.0 98.13 100 0Q507199.1
Tigoni T10r | P. minima NC_048515.1 | 824 | 0.0 94.25 99 00Q50200.1
Tigoni T11r | P. minima NC_048515.1 | 1330 | 0.0 99.32 98 0Q507201.1
Tigoni T12r | P. minima NC 048515.1 | 985 | 0.0 99.27 100 0Q507202.1
Tigoni T13r | P. minima NC_048515.1 | 1319 | 0.0 97.54 99 0Q507203.1
Tigoni T14r | P. minima NC_048515.1 | 1371 | 0.0 98.70 99 0Q507204.1
Tigoni T16r | P. minima NC_048515.1 | 1297 | 0.0 98.25 99 0Q507205.1
Tigoni T17r | P. minima NC_048515.1 | 1376 | 0.0 98.34 97 0Q507206.1
Londiani L1r | P. minima NC 048515.1 | 1011 | 0.0 100 100 0Q507152.1
Londiani L2r | P. minima NC_048515.1 | 1136 | 0.0 100 100 0Q507153.1
Londiani L3r | P. minima NC _048515.1 | 1338 | 0.0 99.59 100 0Q507154.1
Londiani L4r | P. minima NC 048515.1 | 961 | 0.0 100 100 0Q507155.1
Londiani L5r | P. minima NC_048515.1 | 1343 | 0.0 99.86 100 0Q507156.1
Londiani L6r | P. minima NC 048515.1 | 1171 | 0.0 100 100 0Q507157.1
Londiani L7r | P. minima NC_048515.1 | 1136 | 0.0 100 100 0Q507158.1
Londiani L8r | P. minima NC 048515.1 | 1147 | 0.0 100 100 0Q507159.1
Londiani L9r | P. minima NC_048515.1 | 1003 | 0.0 100 100 0Q507160.1
Londiani P. minima NC_048515.1 | 1116 | 0.0 100 100 0Q507161.1
L10r
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5.3.3 Multiple sequence alignment

The multiple sequence alignment of curated rbcL sequences and their reference sequences from
BLASTnN analysis was prepared based on MUSCLE and had a sequence length of 854 bp
(Appendix 2 C). The alignment was mostly conserved with few substitution point mutations,
absence of deletion or addition (frameshift) point mutations and absence of macrolesions
(Appendix 2 C). At position 130 and 131 of the MSA a transversion substitution point mutation
was identified on Physalis accessions OQ507186.1 where cytosine was replaced with adenine
(Appendix 2 C). All other accessions had a cytosine base at this position. Another transversion
point mutation was noted at position 135 of the same Physalis accession where adenine was
replaced by cytosine (Appendix 2 C). At position 144 of the MSA a transition point mutation
was identified for Physalis accession OQ507165.1 where thymine was replaced by cytosine as
compared to all other accessions (Appendix 2 C). Another transition point mutation is identified
at position 368 of the MSA on Physalis accession OQ507166.1 where guanine was replaced by
adenine (Appendix 2 C).

A second MSA was prepared for the rbcL sequences only based on MUSCLE, trimmed and
edited on Jalview for genetic diversity and polymorphism analysis. This multiple sequence
alignment had a sequence length of 730 bp (https://espript.ibcp.fr/ESPript/temp/1947945090/0-0-
1683720272-esp.pdf accessed on 17" February 2023) (Figure 5.3). These MSA had no
macrolesion or frameshift point mutation (Figure 5.3). It was highly conserved with few
substitution point mutations (Figure 5.3). At position 25, 26 and 29 of the MSA, Physalis

accession 0Q507186.1 had transversion point mutations where cytosine replaced adenine at
positions 25 and 26 and adenine was replaced by cytosine at position 29 (Figure 5.3). A
transition point mutation was seen on the MSA at position 39 where for the Physalis accession
0Q507166.1 cytosine replaced thymine (Figure 5.3).
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oQs07166.1 ... . LT e e
0Q507200.1 (ATGTCACCONCAAACAGHGAC TAAAGCOGAGGTTGATTCAAGGCTEETETT
00507183.1 (ATGTCACCONCAAACAGNGAC TAAAGOAAGATTGATTCAAAGCTGGTETT
00507179.1 (ATGTCACCONCAAACAGNGAC TAAAGOAAGGTTCATTGAACGCTGGTETT
00507180.1 (ATGTCACCOANCAAACAGHGAC TAAACOAACGGTTCATTGAACGCTGEGTETT
OO50TITE. 1 . ........food.oo oo !
0Q507165.1 (ATGTCACCONCAAACAGHGAC TARAGCOAAGGCTGACACCAGTCTEGTETT
00507163.1 (ATGTCACCONCAAACAGNGAC TAAAGOAAGATTGATACAAGGCTGGTETT
00507183.1 (ATGTCACCONCAAACAGNGAC TARAGOAAGATE]GATTCAAAGCTGGTGTT
00507196.1 (ATGTCACCONCAAACAGHGAC TAAAGOGCTGTTYGATTCAAGGCTEETETT
00507162.1 (ATGTCACCONCAAACAGNGAC TARAGCOGAGGCTGATCCAATGCTGEETETT
OOSOTITT. L ... oo )
00507186.1 (ATGTCACCONCAAACAGNGAC TAAAGOGGETTTYGETTTCAGGCTEETETT
005071928.1 (ATGTCACCONCAAACAGNGAC TARAGOAGCGTTYGATTTCAGGCTGGTETT
00507164.1 (ATGTCACCOANCANACAGHGAC TAAAGOGAGGTTCATTCAAGGGCGETETT
00507185.1 (ATGTCACCONCAANACAGNGAC TAAAGCOAAGGAT{GCATCAAGTCTGAGCTT
00507154.1 (ATGTCACOOCAOACAGHAAC TAAACOAAGGTTGATTCAAGGCTEETGTT
00507156.1 (ATGTCACCONCAAACAGNAAC TAAACOAAGGTTGATTCAAGGCTEGTETT
00507167.1 (ATGTCACCONCAAACAGNGAC TARAGCOAAGGTTGATCAAAGACTGATGTT
00507168.1 (ATGTCACCONCAANACACNGAC TAAACOAACGGTTGATGCATEGGETEGTGCT
00507169.1 (ATGTCACCONCAAACAGNGAC TARACOAAGGTEYGATTCAGEGCCEGCECT
00507170.1 (ATGTCACCACANACAGNGAC TARAAGOCAGGTTCATTGAAGGCTCETGCE
OOSOTITL. L ...
OOS0TITI. L ...l D
00507174.1 (ATGTCACCONCAAACAGNGAC TAAAGOAATTCTGGATCATGGCTEETETT
OO50TITS. 1 ... .o e !
00507178.1 (ATGTCACCONCANACAGHGAC TAAAGOAAGGTICATTCGAGGCTGGCATT
00507181.1 (ATGTCACCONCAANACAGNGAC TAAACOAAGGTTGATGCAAAGCTGGAGCT
00507182.1 (ATGTCACCONCAAACAGHGAC TAAACOAACGGTGACACAAGTCTGAGCTT
00507187.1 (ATGTCACCONCAAACAGNGAC TARAGOCAGGCTGATTCATGGCTEGETETT
005071828.1 (ATGTCACCONCAAACAGNGAC TARAGCOAAGGTTGETTTCATGCTGGTETT
00507189.1 (ATGTCACCONCAAACAGNGAC TAAAGCOAAGATTGGTTCAAGGCTEGTETT
00507190.1 (ATGTCACCONCAAACAGNGAC TARAGOGCETTTIGEATCAAGGCTEETETT
00507191.1 (ATGTCACCONCAAACAGHGAC TAAAGOAACATTGAGTCCAGACTGATETT
00507192.1 (ATGTCACCONCAAACAGNGAC TARAGOGAGTTTGGATCATEGCTEETETT
00507193.1 (ATGTCACCONCAAACAGNGAC TARAGOGCTGTTGATCCAAGGCTEGTETT
00507194.1 (ATGTCACCONCAANACACNGAC TARACOAGAGTTGETTCAATGCTEGTGTT
00507195.1 (ATGTCACCONCAAACAGNGAC TARAGOACAGTTGATTCATGGCTGGTETT
00507197.1 (ATGTCACCONCAAACAGNGAC TAAACOAACGTTGAATCAAGGCTGGTGTT
00507199.1 (ATGTCACCONCAAACAGNGGL TAAAGOAACATTGATTCAAGGCTGGTETT
00507201.1 (ATGTCACCONCAAACAGHGAC TAAACOAAGGTTGATTTCATGCTEGTGTT
00507203.1 (ATGTCACCONCAAACAGNGAC TARAAGOAAGGCOJAGTTTAAGGCAGGTGTT
00507204.1 (ATGTCACCONCAANACAGNGAC TARAGOAAGGTTGETTCAACGCTGGTETT
00507206.1 (ATGTCACCNCAAACAGNGAC TARAGCOAAGGTTGGGACAATGCTEGTETT
00507207.1 (ATGTCACCONCAAACAGNGAC TARAGOAAGGTTGAGATAAGGCTGGTETT
OOS0TITZ. 1 | ovwcn oo e oo !
00507202.1 (ATGTCACCONCAAACAGHGAC TAAAGOAAGGTTGAATTAATGCTGGTGTT
OQ507205.1 .. ...... Jodde oo s ) PR I Y D
OQ507160.1 .. ...... Jodde oo s ) P P Y S
OQ50T155.1 ... ..... I DR PR N Y S
OQ507152.1 .. ...... dodde oot R R N S
OQ507153.1 .. ...... I DR PR N Y S
OQ507157.1 |. . .._.. B I 1 D ) PR R B S
OQ507158.1 .. ...... dodde oot ) PR R Y
OQ507159.1 .. ...... Y TR N PR N PR R Y D
OQ507161.1 . .. ..... I N P P, )
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ATATTGECAGCATTCC
ATATTGEGCAGCATTCC
ATATTGECAGCATT.CC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGGCAGCATT.CC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGEGCAGCATTCC
ATATTGECAGCATTCC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC

OQ50T7166.1
OQ50T7200.1
0Q507183.1
OQ5071T9. 1
005071801
OQS0T1TE. 1
OO50T7165.1
OQ507163.1
0Q507183.1
OQS0T196.1
00507162, 1
OQS0TLTT .1
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CCAAGGATACT
CCARACCRAGGATACT
CCARACCAAGGATACT
CCARACCAAGGATACT
CCARACCRAGGATACT
CCARACCRAGGATACT
CCARACCAAGGATACT
CCARACCAAGGATACT

ATATTGGCAGCATT.CC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGEGCAGCATTCC
ATATTGECAGCATTCC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGGCAGCATT.CC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGECAGCATTCC
ATATTGECAGCATT.CC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGGCAGCATT.CC
ATATTGECAGCATTCC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGGCAGCATT.CC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC
ATATTGEGCAGCATTCC
A TATTGECAGCATTCC
ATATTGECAGCATT.CC
ATATTGECAGCATTCC

OQ507154.1
OQ507156.1
Q507167 .1
OQ507168.1
DO50T169.1
OQS0T1TO. 1
OQ5071T71.1
OQ507173.1
OO507174.1
OQ507175.1
0Q507178.1
0Q507181.1
00507182, 1
00507187 .1
00507188, 1
OO50718%.1
OQ507190.1
00507191 .1
OQ507192.1
00507193 .1
OQ507194.1
0Q507195.1
DOO507197 .1
OQ507199. 1
OQ507201.1
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oO50T203.1 A CCARACCRAGGATACT ATATTGGCAGCATTCC
OQ50T204.1 B CCARACCAAGGARTAC ATATTGEGCAGCATTCE
OO50T206.1 CTGA CCARACCAAGGARTAC ATATTGGCAGCATTCC
oQ50T20T .1 CTGA CCARACCRAGGATAC A TATTGEGCAGCATTCC
OQs50T1T2. 1 CTGA CCARACCRAGGATAC” ATATTGGCAGCATTCC
oQ50T202.1 CTGA CCARACCAAGGARTACS ATATTGEGCAGCATTCC
OQ50T205.1 CTGA CCARACCAAGGARTAC ATATTGGCAGCATTCC
OO50T160.1 CTGEA CCARACCRAGGATAC” ATATTGECAGCATTCC
00507155.1 CTGEA CCARACCRAGGRTAC ATATTGGCAGCATTCC
OSTABE:1 & - v v s s usssssssans sssssiassssssssassass a ATATTGGCAGCATTCC
oO50T153.1 ATTATACTCCTGAGTACCARAC CTG A TATTGEGCAGCATTCC
OQ50T15T .1 ATTATACTCCTGAGTACCARACCRAAGGATACTG ATATTGGCAGCATTCC
oQ50T158.1 ATTATACTCCTGAGTACCARACCAAGGATACTG ATATTGEGCAGCATTCE
OQ50T159.1 ATTATACTCCTGAGTACCARACCAAGGATACTG ATATTGGCAGCATTCC
OO50T161 .1 ATTATACTCCTGAGTACCARACCRAGGATACTG A TATTGECAGCATTCC
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OQ507166.1
OQ507200.1
005071831
Q5071791
0OQ507180.1
OQ50T176.1
OQ507165.1
OQ507163.1
0Q507183.1
OO50T7196.1
OQ507162.1
OQ50TLTT .1
0OO507186.1
00507198 .1
OQ507164.1
0Q507185.1
OQ507154.1
OQ507156.1
OQ507167 .1
00507168 .1
OQ507169.1
OQ507170.1
DO507171.1
OQ507173.1
OQ507174.1
0OQ507175.1
OQ507178.1
00507181 .1
oQ507182.1
OQ507187 .1
oQ507188.1
005071891
005071901
00507191 .1
OQ507192.1
0Q507193.1
OQ507194 .1
OQ507195.1
OQ507197 .1
OQ507199 .1
0oQ507201.1
OQ507203.1
OQ507204.1
OQ507T206.1
OQ507207 .1
OQ507172.1
0oQ507202.1
OQ507205.1
OQ507160.1
0OQ507155.1
0oQ507152.1
0Q507153.1
OQ507157 .1
oQ507158.1
0Q507159.1
DO507161.1
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GAGTAACTS
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MACCTGEAG
HMACCTGEAG
HMACCTGEAG
NMACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
MACCTGEAG
HMACCTGEAG
HMACCTGEAG
NMACCTGEAG
NACCTGEAG

CCTGEAG
NMACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
HMACCTGEAG
NMACCTGEAG
HMACCTGEAG
NMACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
HMACCTGEAG
NMACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
HMACCTGEAG
NMACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
NMACCTGEAG
HMACCTGEAG
MACCTGEAG
HMACCTGEAG

INTCUACCTGEAG
NTCHACCTGEEAG

4

o 50 a0 TO

WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCGCEGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT

L

CCACCTGAAGRAGCAGEEECCEEGETAGCTECCGAAT
CCACCTGAAGAAGCAGEEEGCCECGETAGCTGCCGAAT
CCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT

WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGEGCCECGETAGCTGCCGAAT

WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEEECCECGETAGCTGCCGAAT
IWCCACCTGAAGAAGCAGEGGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEEECCEGCGETAGCTGCCGAAT

NCCACCTEAAGRAGCAGEEECCECEGETAGCTECCGARAT
NCCACCTEAAGRAGCAGEEEGCCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
NCCACCTEAAGRAGCAGEEECCEGCGETAGCTECCGAAT
NCCACCTGAAGAAGCAGEEGEGCCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
NCCACCTEAAGAAGCAGEEECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECEGETAGCTGCCGAAT
NCCACCTEAAGAAGCAGEEECCECEGETAGCTGCCGAAT

IWCCACCTGAAGAAGCAGEGGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEEECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCECGETAGCTGCCGAAT

WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGEGCCGOGETAGC TG CCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEEECCECGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEGECCEGCGETAGCTGCCGAAT
WCCACCTGAAGAAGCAGEEECCEGCGETAGCTGCCGAAT

NCCACCTEAAGRAGCAGEEECCECEGETAGCTECCGARAT
NCCACCTGEAAGAAGCAGEEGECCEGOCGETAGCTGCCGAAT
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DO50T7T166.1
OQ507T200.1
00507183.1
OQ507T179.1
0Q507180.1
OQ507T176.1
OQ507165.1
OQ507163.1
0Q507183.1
0507196, 1
0Q507162.1
OQ507T177 .1
OQ507186.1
0Q507198.1
OQ507164.1
0Q507185.1
OQ507T154.1
OQ50T7T156.1
00507167 .1
00507168 .1
00507169, 1
OQ507T170.1
OQ507171.1
OQ507T173.1
OQ507174.1
OQ507T175.1
OQ507178.1
0Q507181.1
00507182.1
OQ507187 .1
0Q507188.1
00507189.1
OQ507190.1
OQ507191.1
0Q507192.1
OQ507193.1
OQ507194.1
OQ507195.1
00507197 .1
OQ5071959.1
OQ507201.1
0Q507203.1
OQ50T7T204.1
DQ50T7T206.1
OQ507T207 .1
OQ507172.1
OQ507T202.1
OQ507T205.1
OQ507160.1
OQ507T155.1
OQ507152.1
OQ507153.1
00507157 .1
OQ507T158.1
OQ507159.1
O0507161.1

ED 50 ip0 Lino iz0D

CTTCTACTGGTACATGGACAACTETATGGACCGATEGACT TACCYH
CITCTACTGGTACATGEGACAACTETATEGGACCGATEGACTTACT
CTTCTACTGGTACATEGEGACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATEEGACAACTETATGEGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTITCTACTGGTACATEEGACARACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATGEACAACTETATGGACCGATEEGACT TACCHE
CITCTACTGGTACATGGACAACT G TAT GGACC GATGGALT TALCY
CITCTACTGGTACATEEACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEGACAACTETATGGACCGATEGACTTACCYH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATEGEGACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATEEGACAACTETATGEGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATGEGACAACTETATGEGACCGATEEACT TACCH
CITCTACTGGTACATGGACAACT G TAT GGACC GATGGALT TALCY
CTITCTACTGGTACATEEGACARACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEGACARCTETATGGACCGATEGA CTTACCYE
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATGGACARACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATEGEGACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATGEGACAACTETATGGACCGATEEGACT TACCH
CITCTACTGGTACATGGACAACT G TAT GGACC GATGGALT TALCY
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTITCTACTGGTACATEEGACARACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATGEEGACAACTETATGGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEGACARCTETATGGACCGATEGA CTTACCYE
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEGACAACTETATGGACCGATEGACTTACCYH
CITCTACTGGTACATGEGACAACTETATGGACCGATEEGACT TACCH
CTTCTACTGGTACATCCACARCTETATCGACC GATEGACT TACLY
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATEGEGACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTTCTACTGGTACATEEGACAACTETATGEGACCGATEEACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CTITCTACTGGTACATEEGACARACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEGACAACTETATGEGACCGATEEGACT TACCH
CITCTACTGGTACATEEACAACTETATGGACCGATEEACT TACCH
CITCTACTGGTACATGEGACAACTETATGGACCGATEEGACT TACCH
CTICTACTGGTACATCGACARCTGTATCGACC GAT G GACT TACLY
CITCTACTGGTACATGEGACAACTETATGGACCGATEGACT TACCH
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O50T166.1
OQ507200.1
o0507183.1
o050T179.1
OJ507180.1
oO50T1T6. 1
O050T165.1
OJ50T7163.1
o0507183.1
OO50T196.1
507162 .1
Q507177 .1
oQ50T7186.1
o050T7198 .1
OJ50T7164 .1
o0507185.1
OQ50T154.1
OJ50T7156.1
oQ507167 .1
0507168 .1
O50T716%9.1
OQ507T1T0.1
oQ50T1T71.1
o50T173.1
OJ50T7174.1
oQ50T1T75.1
o050T1T7TE. 1
oJ507181.1
Q507182 .1
0507187 .1
o507188.1
o050718%.1
oO50T7190.1
oQ507191 .1
OJ507192 .1
o050T7193.1
OO50T7194 .1
OJ507195.1
Q507197 .1
o50T719%9.1
o50T201.1
o50T203.1
OO50T204.1
oO50T206.1
OJ50T7207 .1
oQ50T1T2 .1
o050T202.1
OJ50T205.1
o0507160.1
o050T7155.1
Q507152 .1
o0507153.1
Q507157 .1
507158 .1
OJ50T71558.1
0507161 .1

140 150 1LED

AEEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
ASEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
AGEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTGTTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTIHCCECATCGAGCETETTGTT
AGGECEATGCTHCCECATCGAGCGTGTTGTT
ACGGLGATGLTPCCGCATCGAGL G TG T TR T T
AGEGECEATGCTHCCECATCGAGCETETTGTIT
ASEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
AGEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTGTTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTIHCCECATCGAGCETETTGTT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AEEGECEATGCTIHCCECATCGAGCETETTGTIT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
ASEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
AGEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTGTTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTIHCCECATCGAGCETETTGTT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTIHCCECATCGAGCETETTGTIT
ASEECEATGCINCCECATCGAGCEGTETTGIT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
AGEECEATGCINCCECATCGAGCETETTGIT
AGGECEATGCTHCCECATCGAGCGTGTTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTIHCCECATCGAGCETETTGTT
AGGECEATGCTHCCECATCGAGCGTETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTT
AGEGECEATGCTHCCECATCGAGCETETTGTIT
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AGGECEATECTHUCCECATCGAGCETETTGT TS
AGGECEATGCTHCCECATCGAGC ETETTGT TN
AGEECEATGCTHCCECATCGAGC GTETTET TGS
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AGEECEATEGCTRCCECATCGAGCEGTET TGT T ey
AGEECEATGCTINCCECATCGAGC ETETTGT TS
AGEECEATGCTHCCECATCGAGC ETETTGT TS
AGGEECEATGCTRCCECATCGAGCETETTGT TS
AGGECEATGCTHCCECATCGAGC ETETTGT TN
AGEECEATGCTHCCECATCGAGC ETETTGT TS
AGGECEATECTRCCECATCGAGCETET T ET T
AGGECEATGCTHCCECATCGAGC CT G T TET T e
AGEECEATGCTRCCECATC GAGC GTETTET T el
AGEECEATGCTHCCECATC GAGC GTETTET T el
AGEECEATEGCTRCCECATCGAGCET ET T GT T ey
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OO50T166.1
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o0507180.1
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o0507183.1
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oO507170.1
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OO50T1T4.1
op50T175.1
OO50T1TE. 1
oo507181.1
oQ507182.1
op507187 .1
oO50T188 .1
oo507189.1
OO50T190 .1
oo50T7191.1
oo50T192.1
op507193.1
OO50T194.1
o0507T195.1
oO50T197 .1
oo50T7199.1
OO50T201.1
oo50T203.1
OO50T204 .1
OO50T206.1
Q507207 .1
op50T172.1
OO50T202.1
OO50T205.1
OO50T160 .1
o050T155.1
o050T152.1
OQ507T153.1
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oQ50T158.1
OO50T159.1
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OO50T166.1 S GTATT PG T et (35 f 6
OQO50T200.1 B GTATT B S CT G e
o0507183.1 ERNCTATT FOEATisete 3 L AL T
OOs0T1Te. 1 BN GTATT AOTIsSE AT
O0507180.1 ERNGTATT RGN T sbetme 3 L AL T
OO50T1TE. 1 BN GTATT AOTIsEE AT
OO50T165.1 N GTATT AROATis S T AT
O050T163.1 BN GTATT e A T T G Tl

o0507183.1
OQ507196.1
OQ507162.1
OO507177 .1
OQ507186.1
oQ507198.1
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NGTATT
NGTATT
NETATT
NGTATT
NGTATT
NGTATT

RPN TEmGels G A T
TTEAT e e G AT T
" i CT GCiere
i CT GClerr
i CT GCjere
i CT GClerr

B E

e e e

OO50T164.1 B GTATT ROTIsEE AT
oO507185.1 BN GTATT e B T o CRER N
OO507154.1 B GTATT e A T T G T
OO50T156.1 EMNGTATT AGEAT st 3 L AT
OO50T16T .1 B GTATT e A T T G T
oO50T7168.1 ERNGTATT AOEAT st L AT
OO50T169.1 BN GTATT e L T T G T
oO50T7170.1 ERNGTATT i CT G CReg v
oO50T1T1.1 B GTATT Tisiete A AT
OQ50T173.1 ERNGTATT N CT GiCRege

OQ507174.1
OQ507175.1
oQ507178.1
OQ507181.1
oQ507182.1
OQ507187 .1
oQ507188.1
o0507189.1

b=

NGTATT
NGTATT
NGTATT
NGTATT
NGTATT
NGTATT
NGTATT
NGTATT

i CT GCier v
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CTGCier Y
i CT G Clel e
i CT GCier v
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OO507190.1 BN GTATT A i CT G CEer N
oO507191 .1 B GTATT e A T T G T
oO507192.1 NN GTATT PG T etm 3 L AL T
o0507193.1 B GTATT e A T T G T
oO50T7194.1 EMNGTATT AGEAT st 3 L AT
O050T7195.1 B GTATT e A T T G T
OO50T197 .1 ERNGTATT AOEAT st L AT
OO50T7199.1 B GTATT e A T T G T
OO50T201.1 NG TATT BROAT s L AT

i CT GCier v
i CT GCjerr
i CT GCier v
i CT GCier v
i CT GCier v
i CT GCier v
i CT GCier v
i CT GCier v

OQ507203.1
OQ507204.1
OQ507206.1
Q507207 .1
oQ507172.1
OQ507202.1
OQ507205.1
OQ507160.1
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NGTATT
NGTATT
NGTATT
NGTATT
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oO50T7155.1 BN GTATT e B T o CRER N
oQ50T7152.1 B GTATT e A T T G T
o050T7153.1 NN GTATT PG T etm 3 L AL T
OO50T15T .1 B GTATT e A T T G T
o050T7158.1 1 [NV B GTATT AT s G AT
OO50TLS9 .1 TEESC TR Tt o hiss e A T T G T
OOS0TL61.1 TRRESC TN T 8- B AT AT
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3Z0 3230
WTCTTCHTTATE TTA
8 TCTTGIT TATH TTA
STCTTCMTTATE TTA
8 TCTTGMWTTATH TTA
SToTTEWTTATH TTA
8 TCTTGMWTTATH TTA
ETCTTEMTTATE TTA
(8 TCTTGMTTATfE TTA
(8 TCTTGMTTATfE TTA
S TCTTGETTATH TTA
(8 TCTTGMT TATH TTA
S TCTTGETTATH TTA
8 TCTTGMTTATH TTA
R TCTTGEWTTATH TTA
(8 TCTTGMTTATfE TTA
S TCTTGMTTATE TTA
8 TCTTGMWTTATH TTA
S TCTTGEMTTATH TTA
8 TCTTGMWTTATH TTA
S TCTTGEMTTATH TTA
8 TCTTEMTTATH TTA
(W TETTGMT TATH TTA
8 TCTTGMWTTATH TTA
STCTTGWTTATH TTA
8 TCTTGMWTTATH TTA
STCTTEWTTATH TTA
8 TCTTGMWTTATH TTA
STCTTCWTTATH TTA
8 TCTTGMWTTATH TTA
STCTTCWTTATH TTA
8 TCTTGMWTTATH TTA
STcTTEWTTATH TTA
(8 TCTTGMT TATH TTA
STCTTCWTTATH TTA
8 TCTTGMWTTATH TTA
SToTTEWTTATH TTA
8 TCTTGMWTTATH TTA
8 TCTTGMWTTATH TTA
S TCTTGETTATH TTA
8 TCTTGMTTATH TTA
R TCTTGEWTTATH TTA
8 TCTTGMWTTATH TTA
R TCTTGETTATH TTA
(8 TCTTGMT TATH TTA
R TCTTGEWTTATH TTA
8 TCTTGMWTTATH TTA
R TCTTGETTATH TTA
8 TCTTGMWTTATH TTA
S TCTTGEMTTATH TTA
8 TCTTGMWTTATH TTA
STCTTGWTTATH TTA
8 TCTTGMWTTATH TTA
STCTTEWTTATH TTA
8 TCTTEMTTATH TTA
(8 TETTGWT TATH TTA
NTCTTGMTTATH TTA
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OQ507166.1
OQ507200.1
oQ507183.1
oQ507179.1
oQ507180.1
OQ507176.1
OQ507165.1
OQ507163.1
oQ507183.1
OQ507196.1
oQ507162.1
OQ50TLTT .1
OQ507186.1
OQ507198.1
OQ507164.1
OQ507185.1
OQ507154.1
OQ507156.1
OQ507167.1
oQ507168.1
oQ507169.1
OQ507170.1
oQ507171.1
oQ507173.1
OQ507174.1
oQ507175.1
oQ507178.1
oQ507181.1
oQ507182.1
oQ507187.1
oQ507188.1
oQ507189.1
OQ507190.1
oQ507191.1
OQ507192.1
oQ507193.1
OQ507194.1
OQ507195.1
oQ507197.1
OQ507199.1
oQ507201.1
OQ507203.1
OQ507204.1
OQ507206.1
OQ507207.1
oQ507172.1
oQ507202.1
OQ507205.1
OQ507160.1
OO507155.1
oQ507152.1
OO507153.1
OQ507157.1
OO507158.1
OQ507159.1
OQ507161.1

3B0 350 400D 410 420 430

AATTGAACRAGT AT GETCGTCCC TR T TGGGATGIACTATTAAACCTARATTGGGGTIAT
ARATTGAACAAAARAGGCCGCCCCCCGTTGEGEGATGEACTATTARACCCARATCGGAGTTIT.
AATTGAACAATTATGGCCGTCCCCTGTTGEGEGTGTACTATTAAACCTARATTGGGTTTAT
ARATTGAACAAGTEGIGGTCGCECCCTGTTGEGETGTACTATTARACCTARATTGEGEGTICT
AATTGAACAGATGIGGTCGCECCCTGTTGEGETGTACTATTAAACCTARATTGGGGTICT
AATTGAACATGTATIGGCCGTCCCCTGTTGEGETEGTACTATTARACCTARATTGEEGTTIIT
RATTGAACAAGTEGGCGTCGTCCCCTGTTGEGEGTGTACTATTAACCTTIARATTGGGGTTAT
AATTGAACAAGTATGGCCGGCCCCTGTTEGEGATGTACTATTARACCTARATTGEEGTTAT
AATTGAACAAGTTGGGTCGTCCCCTGETGEGATGTACTATTARAACCTARAGTGGGEGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTEGEGATGITCTATTARACTITTATTGGGGETTA.
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARACCTARATTGGGGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTTEGEGGATGTACTATTARAACCTARATTGGGGETTIT.
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTEGGGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTEGGGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTGEGATGTACTATTAAACCTARATTGGEGGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGEEGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTITGEGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTITGEGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTEGEGATGTACTATTAAACCTARATTGEGEGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGEEGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTTEGGGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTEGGGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTEGGGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTGEGATGTACTATTAAACCTARATTGGEGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTTEGEGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTATIGGTCGTCCCCTGTTGEGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTEGEGATGTACTATTAAACCTARATTGEGEGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTATGGTCGTCCCCTGTTEGGATGTACTATTAAACCTARATTGGGGTTAT
ARATTGAACAAGTATGGTCGTCCCCTGTTGEGATGTACTATTARAACCTARATTGGGGTTAT
AATTGAACAAGTAT GG TCGTCCCCTGTTEGGATGTACTATTAAACCTARATTGGEGGTTAT
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OQ50T166.1
OQ50T200.1
OQ507183.1
OO50T1TS. 1
OQ50T7180.1
OQ50T1T6. 1
OQ50T165.1
OQ50T7T163.1
O507183.1
OQ50T196.1
OQ50T7162.1
OQ50TLTT .1
OQ50T186.1
OQ507198.1
OQ50T7164.1
OQ507185.1
OQ50T7154.1
OQ50T156.1
OO50T167 .1
OQ50T7168.1
OQ50T169.1
OQ50T1T0. 1
Q5071711
OQ50T173.1
OQ50T174.1
OQ50T175.1
OQ50T178.1
OQ507181.1
OQ507182.1
OQ50T7187 .1
OQ507188.1
OQ50T189.1
OQ50T7190.1
OQ507191.1
OQ507192.1
OQ507193.1
OQ50T7194.1
OQ507185.1
OQ50T197 .1
OQ50T7199. 1
OQ50T201.1
OQ50T7203.1
OQ50T204.1
OQ50T206.1
OQ50T207 .1
OQ50T1T2.1
OQ50T202.1
OQ50T205.1
OQ50T160.1
OQ50T7155.1
OQ50T7152.1
OQ50T7153.1
OQ50T157 .1
OQ50T158.1
OQ50T159.1
OQ50T161.1

440 450 450D 470 480 450

CTECTARRRACCTICEETAGAGCTETITATEARTGTICTTCECGETCIGETTEATT ITCLCR
CTGCTARATACGAGAGTATTGCTGTITACGAATGTTTACCCGETGGAACTGATTIITACCA
GTGCTAAARACTACGAGAGAGTTATITATGGATGTCTCCGCGETGEGATTGATTTTACCA
GTGCTARARACTACGAGAGTGCTATITATEGATGTCTCCCCGETGEGATIGATTITTACCA
CTGCTARATACGACGGTATTGATGTTTCEEAATGTCTTCCCAATGEAATTGATTTTACCA
CIGTTARARAATACGGTAGAGTTGTIGATGAATGTCTCCGCGETCEGATIGATIITACCA
CTGCTARARACTACGAGAGAGCTGTTTATEGATGTCTCCGCGETGEATTTGATTTTACCA

CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITTACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAMRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTEGGACTTGATTTITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTTIGATTIITTCCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITTACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGGACTTIGATTTITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARARACTACGGETAGAGCTGTTITATGAATGTICTICGD . & o s e caaaaancas
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITTACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CTGC s 2t 2 s a0 s 8d & ac8ccdactdasdsdistdssatddsstsds s cdsscasssassadasaa
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGGACTTIGATTITITACCA
CIGCTAARARACTACGGETAGAGCTGTTITATGAATGTICTIC i o - c i cucccaaaaanca
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAAARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTTIGATTITITACCA
CIGCTAARARACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGTAGAGCTGTITATGAATGTCTICGCGGTGEGACTIGATTITITACCA
CIGCTAARRACTACGGETAGAGCTGTTITATGAATGTCTICGCGGTEGEGACTTIGATTITTACCA
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OQ507166.1
OO50T200.1
oQ507183.1
OQ507179.1
oQ507180.1
OQ507T176.1
OQ507165.1
oQ507163.1
oQ507183.1
OO50TL96.1
oQ507162.1
OQ5071TT .1
OQ507186.1
oQ507198.1
OQ507164.1
oQ507185.1
OQ507154.1
OO507156.1
OQ50716T .1
OQ507168.1
OQ507169.1
oQ507170.1
oQ507171.1
oQ507173.1
OQ507174.1
OQ507175.1
oQ507178.1
oQ507181.1
OO507182 .1
oQ50718T.1
oQ507188.1
oQ507189.1
OQ507190.1
oQ507191.1
oQ507192.1
oQ507193.1
OO507194.1
OQ507195.1
OQ507197.1
OQ507199.1
oQ507201.1
oQ507203.1
OQ507204.1
OQ507206.1
OQ507207.1
oQ507172.1
oQ507202.1
OO50T205.1
OQ507160.1
OQ507155.1
oQ507152.1
oQ507153.1
OQ507157.1
oQ507158.1
OQ507159.1
OO507161.1

500 510

AAGATGATGAGARCGTG

RATTTGCTGAGAACGTTCTCTTGCRACCTITT
ARATATGATGCGGACGTGAACTCACCACCATTT
RATGTGAGRAAGAACTTGAACTCACCACCTITT
RATTTGATGAGAACGTCAACTGGCRACCTITT

AAGRTGATGAGARCGCEGGACTCCCAACCATTT
AAGARCAATGAGARACTGARCTCACAACCACTT

[ lw el

1

AAGTEGATGAGAARCGTGAACTCCCRACCATTA

[

ARAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
AAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACCACCATTT
ARAGATGATGAGAACGTGAACTCACARACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACARCCCATTT
ARAGATGATGAGAACGTGAACTCACRACARTTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACARACCATTT
RAGATGATGAGAACGTGAACTCAARL
ARAGATGATGAGAACGTGAACTCACRACCATTT

ARAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
RAGATGATGAGA

RAGATGATGAGAACGTGAACTCACRACCATTT
LA

RAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT
ARAGATGATGAGAACGTGAACTCACRACCATTT

b bt b e ] ] ] ]

=

=14+ ]

AAGRTGATGAGAACGTGAARCTCACARACCATTT R

AAGARTGATGAGAACGTGARCTCACAACCATTT

TGC

AAGTTGECGAGAACATTITO
GIGITGEAGAGATCGETITT(
GCETITGEAGAGATCGETITT
AAGTTGEAGAGATAGCTITO
GAGAGATCGITT(
GAGAGATCGEITITH

0163

IGEAGAGATCETITTY
GCETITGEAGAGATCGITTO
GCETITGEAGAGATCGETITTA
ITGEAGAGATCGETITT
IGEAGAGATCGETITTO
GCETITGEAGAGATCGETITT(
GCETITGEAGAGATCGETITTA
GCETITGEAGAGATCGETITTO
GCTITGEAGAGATCGEGETT(
ITGEAGAGATCGEITT
IGEAGAGATCGETITTO
GCETITGEAGAGATCETITT(
GCETITGEAGAGATCGETITTO
GCETITGEAGAGATCEITT
ITGEAGAGATCGEITT
IGEAGAGATCGETITTO
GCETITGEAGAGATCGETITT(
GCETITGEAGAGATCGETITTA
GCETITGEAAAGATCGETITTO
GCETITGGEAGAGATCGETITTA

GCETITGEAGAGATCGETITT(
ITGEAGAGATCGEITT
IGEAGAGATCGETITTO
GCETITGEAGAGATCETITT(
GCETITGEAGAGATCGETITTA
GCETITGEAGAGATCGETITT
ITGEAGAGATCGEITT

GAGAGATCGET
GAGAGATCGET
GAGAGATCE
GAGAGATCGITTQ
GAGAGATCGEITT(

1]

1

1
=] = =

G101 C163 0163

GAGAGATCGTITTO
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OOSOTIEE. 1 . . e e s
OOSOTZO0. 1 . ... ool i e e s
0Q507183.1 TATAAAGCACAGGCTGAAATTGGTAAAATCAAAGGGGETTACTTGA
OQ50T17TY. 1 TATAAAGCAGAGCAGGAAACAGGGGAAATCAAAGGGTATTACTGCA
00507180, 1 TATAAAGGTCAGGACGAAACAACGGAAATTCAAGTAT. ... .....
OOSOTITE.1 OTECr ORI, . e ettt i e e e ot e e e
DOSOTIES. 1 . . ..ol i e e e e
00507163, 1 TATAAAGCACAGGTTGGAACAGCTGGAATCAAGGAGCATTACTTGE
0Q507183.1 TATAAAGCACAGGCTGAAAGAGGTGAAATCAAAGGGTCTTACTTGA
DOSOTIRE. 1 . . ..ol i e e e e et
OQ50T162. 1 TGTARAGGGCACGCTGTTACTGSTGAAATCCAAGGGCATTACTTTT
DOSOTITT. L ..o e et
OQ50T186. 1 X
OQS0T198.1 ... ........ 1 Y
OQ50T164.1 O CACTITATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ507185.1 O CACTTATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ507154.1 O CACTITATAAAGCACAGECTEARACAGSTGARATCAAAGSGCATTACTTGA
OQ50T1S56.1 O CACTITATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ50T167.1 O CACTTATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ507168.1 O CACTITATAAAGCACAGECTEARACAGSTGARATCAAAGSGCATTACTTGA
OQ50T169.1 O CACTITATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ507170.1 T CACTTATAAAGCACCAGCTGAAACGGGGAARATCAAAGGGCATTAC. .. .
OQ507171.1 O CACTTATAARGTACAGECTEARACAG . & & oo e e eeae e me e mennns
OQ507173.1 O CACTITATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ507T174.1 O CACTTATAAAGCACAGGCTGAAACAGGTGARATCAAAGCATACTGCTTGA
OQ507175.1 O CACTITATAAAGCACAGECTEARACAGSTGARATCAAAGCSGCATTACTTGA
OQ507178.1 O CACTITATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
0Q507181.1 O CACTTATAAAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
0Q507182.1 O CACTITATAAAGCACAGECTEARACAGETGARATCARAGESGCATTACTTGA
0Q507187.1 O CACTTATAAAGCACAGGCTGAACCAAGTGARATCAAAGGGCATTACTTGE
0Q507188.1 O CACT|TATAAAGCACAGGCTGAAACAGGTGARATTAAAGGGCATTACCTGA
0Q507189.1 O CACTITATAAAGCACAGECTEAACCAAGTGARATCACAGEECATTACTEGA
OQ507190.1 O CACTTATAAAGCAAAGGCTGARACAGETGARATCAACGCGCATTACTTGA
OQ507191.1 O CACTTATAAAGCACAGGCTGAAACAGETGARATCAAAGGGCATTACTTGA
O0507192.1 ... . ... ..[. ... 1
OQ507193.1 O CACTITATAAAGCACAGGCTGARACAGGTGARATCAAAGGGCATTACCTGA
DOSOTIRA. T . ..o i e e e e e et
OQ507195.1 C ITATAARAGCACAGGCTGAAACAGGTEARATCAAAGGECATTACTTEG
OQ507197.1 O C ITATARAGCACAGGCTGAAACAGGTGAATTCAACGCATACTGCTTGA
OQ507199.1 O C NTATARAGCACAGGCTGAAACAGGTGARATTCAACGGCATTACTTGA
OQ507201.1 O C ITATARAGCACAGGCTGAAACAGGTEARATCAAAGGECATTACTTES
OQ507203.1 O C ITATARAGCACAGGCTGAAACAGGTGARATCAAAGGGTACTACTTGA
OQ507204.1 O C ITATARAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQ507206.1 O C ITATARAGCACAGGCTGAAACAGGTEARATCAAAGGGCATTACTTEA
OQ507T207.1 O C ITATAARAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
e - T
OQ507202.1 . ... ... ..[. ... X
OQ50T205.1 O C ITATAARAGCACAGGCTGAAACAGGTGARATCAAAGGGCATTACTTGA
OQSO0TL60.1 . ... .....[. ... 1
OOSO0TIS5.1 . ... ... ..|. ... 1
OQ50T152.1 . ... ... ..|. ... 1
OQ507153.1 O C [
OQ50T157.1 O C TTATARAGCACAGOCTGARN . « & ot et ee ce e e e e miamnn
OQ507T158.1 O C o
OQ507159.1 O o (o b o 1 Y A
OOS0T161.1 OT 0. ... ..l..l.. I
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OQ507166.1

O050T200.1 . ... ...
O0507183.1 ATTTTACTGEC
OQ507179.1 ATG.......
o0507180.1 .. ...
O0507176.1 -
OQ507165.1 a
O050T163.1 ATGCTICGGEC
O507183.1 ATGCTACTGEC
OOS0TI86.1 . ... ...
O0507162.1 ATGCTITA. .
OQ507T1TT .1 :
O0507186.1 :
OQ507198.1 :
O050T164.1 ATGCTACTGEC
O0507185.1 ATGCTACTGEC
O0507154.1 ATGCTACTGEC
O0507T156.1 ATGCTACTGE
O0507TL6T .1 ATGCTACTGC
O050T168.1 ATGCTACTGEC
O050T169.1 ATGCTACTGEC
oQ507170.1 ..
o0507171.1 ..
O0507173.1 TG
O0507174.1 TGCT
OO507175.1 TGC”
O050T178.1 TGC
O0507181.1 TGC
OQ507182.1 TGCTACT
OQ507187 .1 IGCTATCCG
OQ0507188.1 ATGCTACTGEC
O507189.1 ATGCCATTGEC
O0507180.1 ATGCTACTGEC
O0507191.1 ATGCTACTGA
O050T192 .1 ... ...
OQ507193.1 ATGCTACTGC
O050T184.1 ... ...
O0507185.1 ATGCTACTGEC
O0507197 .1 ATGCTACTGEC
O0507199.1 ATGCTACTGEC
O507201.1 ATGCTACTGC
O0507T203.1 ATGCTATTGEC
O050T204.1 ATGCTACTGEC
O050T206.1 ATGCTACTGEC
O0507T207T .1 ATGCTACTGEC
OQ507172.1

O050T202.1 . ... ...
O0507205.1 ATGCTACTGEC
OQ507160.1

OQ507155.1

Q507152 .1

OQ507153.1

OQ507157 .1

OQ50T158.1

OQ50715%.1

OQ50T161 .1

Figure 5.3. Multiple sequence alignment for 56 Physalis accessions only based on rbcL marker.

5.3.4 Phylogenetic analysis
The rbcL gene was not able to facilitate species discrimination based on the phylogenetic tree
(Figure 5.4). There was no cladding of Physalis accessions with their representative reference
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sequences from the GenBank database. It was therefore impossible to discriminate Physalis
accessions based on their rbcL gene sequences and species names assigned were based on
BLASTnN analysis.

-Physalis peruviana voucher norSt 50'?1 85.1)
_E.Pb_]_m!u mirrimea voucher bb3r (OQ307
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Figure 5.4. Phylogenetic tree generated by MrBayes for Physalis accessions based on rbcL
marker.

Different colors were used to represent Physalis accessions and reference sequences. Black
represents all reference sequences, orange represents P. minima, purple represents P. peruviana,
pink represents P. angulata and blue represents Physalis virginiana. The names of species are
based on BLASTn analysis as there was no discrimination of species based on the Phylogenetic

tree.
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There was no cladding of Physalis accessions with there reference sequences. The Physalis
accessions also clustered with different reference sequences other than their counterparts for
example the accessions identified as P. peruviana clustered with P. angulata and P. minima
accessions and not with the P. peruviana reference sequence as was expected. This is an
indication that the rbcL barcode was unable to effectively identify the Physalis accessions

studied based on the phylogenetic analysis.

5.3.5 Genetic diversity within Physalis population based on rbcL marker

DNA divergence within the Physalis rbcL sequences was assessed by determining the number of
polymorphic (segregating) sites (S), nucleotide diversity and total number of substitutions (Table
5.5). The nucleotide diversity was noted at 0.01333 among the rbcL sequences of the Physalis

accessions.

Table 5.5. Polymorphism and divergence within (intraspecific) Physalis species based on rbcL

sequences
Physalis species Physalis species
Total number of sequences 56

Number of polymorphic (segregating) sites (S) | 85

Nucleotide diversity Pi (Total) 0.01333
Theta (Total) 0.0.05959
Total number of substitutions 98

5.3.6 Genetic distance within Physalis population based on rbcL marker

The overall genetic distance was very low at 0.04+0.0. Average intraspecific distance of Physalis
accessions was also determined as 0.04+0.0. The average intraspecific distance was found to be
the same as the overall genetic distance within the Physalis accessions.

5.3.7 Nucleotide polymorphism
Eighty-five segregation sites (S) were identified within the rbcL genes of 56 Physalis accessions
under this study (Table 5.6). The nucleotide diversity within these sequences was 0.01333. There

were 66 singleton sites and 19 parsimony informative sites among the 85 identified segregating
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sites (Table 5.6). The data form this section when compared to data for 10 Physalis accessions
from one area as seen on table 3.4 indicated that when more Physalis accessions (56) from
various areas are compared in their nucleotide diversity, some slight nucleotide diversity is
observed as compared to fewer accessions from the same region where no diversity was

observed.

Table 5.6. DNA polymorphism of Physalis accessions based on rbcL sequences

Polymorphic sites/ Segregation | 85 | Positions in the gene Variants
sites (S)
Singleton 66 | 129,130,133,143,225,233,236,253,274, | 2

275,278,282,285,286,295,300,303,310,
311,312,324,327,329,332,336,337,341,
342,345,347,348,349,350,352,355,359,
367,368,375,377,383,391,392,395,398,
401,407,408,410,416,417,418,421,427,

438,439,443,455,462
339,361,380,388,393,397,457 3

Parsimony informative sites 19 | 304,333,338,343,357,364,378,415,432, | 2
446,449,458,459
284,346,360,365,400,403 3

Nucleotide diversity (Pi) 0.01333

Average number of nucleotide | 4.772

differences (k)

Sequence length (base pairs) 730

Number of sequences 56

5.3.8 Tajima’s neutrality test
Tajima’s neutrality test was conducted on 56 Physalis rbcL sequences to determine the

population selection and nucleotide diversity. The Tajima D value of Physalis rbcL sequences
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was -2.533533. The negative Tajima D value indicates an excess of rare low frequency variations

that are associated with population growth and positive selection pressure.

5.3.9 Barcoding gap analysis based on rbcL sequences

Automatic Barcode Gap Discovery results generated by distance model Kimura 80 parameter
(K80P) based on ITS2 sequences for Physalis accessions indicate the presence of two barcoding
gaps. The presence of a barcode gap indicates that the interspecific divergence of rbcL genes is
higher than their intraspecific divergence. Based on the rbcL gene sequences, all pairwise
distances were ranked by increasing distance values from 0.02 - 0.14 and two barcoding gaps
identified (Figure 5.5). The barcode gaps were the same size and the first barcode gap was
observed between distances of 0.12 (12%) and 0.13 (13%) (Figure 5.5). The second barcode gap
was evident between the distances of 0.13 (13%) and 0.14 (14%) (Figure 5.5).
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Figure 5.5. A histogram indicating the hypothetical distribution of pairwise differences of rbcL
gene sequences of 56 Physalis accessions

Low divergence is presumably intraspecific divergence, whereas higher divergence indicates
interspecific divergence. The abbreviation nbr on the y-axis of the histogram stands for the

number of pairwise comparisons. A, B and C represent barcode gaps.
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5.4 Discussion

Physalis species are relatively similar when it comes to their morphological characteristics. The
Physalis genus plants also tend to have morphological similarities to the Solanaceae family
plants such as N. physalodes (Feng et al., 2016). Due to these reasons, species identification by
morphological characterization is not accurate for the Physalis genus. Molecular identification of
plant species by DNA barcoding is accurate, reliable and rapid than the use of morphological
features (Saddhe and Kumar, 2018). Studies on the identification of Physalis acessions in Kenya
are very few with one key study focusing on the analysis of genetic diversity of Physalis
accessions based on SSR markers, which did not discriminate the accessions into different

Physalis species (Muraguri et al., 2021).

In the present study, rbcL barcode amplification and sequencing success rates were 82% and
88%, respectively. This high rate of success in amplification and sequencing of the Physalis
accessions rbcL barcode was expected and concurred with results from other studies where rbcL
barcode was used in identification of species (Kang et al., 2017; Huang et al., 2015). According
to studies done by Kang et al. (2017) and Huang et al. (2015) the amplification and sequencing
success rates for rbcL gene were between 75.26% and 63.84 and 97.6% and 90.8%, respectively.
The high amplification and sequencing success rate of the rbcL gene is proposed to be due to the

high conservation of the gene as a result of low frequency mutations (Kang et al., 2017).

In the phylogenetic analysis of Physalis accessions based on rbcL barcode, there was little
information on the discrimination of species based on the constructed phylogenetic tree. Species
discrimination was limited due to the inability of the rbcL barcodes to form clusters and clades
with the reference database sequences based on BLASTn analysis. This is expected and has also
been demonstrated in many other studies whereby species discrimination power of the rbcL
barcode is usually the least among DNA barcoding markers (Kang et al., 2017; Huang et al.,
2015; Tripathi et al., 2013; Hollingsworth et al., 2009). The identities provided for the different
Physalis accessions on the phylogenetic tree are based on BLASTn analysis results as the
phylogenetic tree was not able to efficiently discriminate the Physalis accessions into different
Physalis species. A previous study by Hollingsworth et al. (2011) demonstrated that the low

efficiency of rbcL in inter-specific divergence discrimination shows that the gene is not efficient
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in species discrimination but is a good candidate in the identification of plants at the genus level
(Hollingsworth et al., 2011).

Physalis accessions could not be categorized into various species based on rbcL barcode and
therefore genetic diversity and distance analysis focused on intra-species variation. There was
low nucleotide diversity at 0.0133 and low genetic distance at 0.4 £ 0.0 among the rbcL
sequences of the Physalis accessions used in this study. This data supports the findings on the
inability of rbcL sequences to discriminate the Physalis accessions based on phylogenetic
analysis. The sequences were relatively similar with a very low genetic distance and diversity
and hence could not cluster effectively into different species due to the high rate of conservation
of the barcode. Genetic distance is an estimate of the genetic divergence between species or
populations within a species (Beaumont et al., 1998). Low genetic distance of zero value
observed in this study indicates that there is no genetic difference within species demonstrated
that the accessions were of the same species. The very low genetic distance among the rbcL
barcode sequences approaching zero is an indication that the gene was relatively conserved
among these plants and could not be effectively used in their species discrimination. This has
also been observed in other studies where rbcL barcode could not differentiate wild cinnamon

and clove plants (Chandrasekara et al., 2021; Nurhasanah et al., 2019).

The Automatic Barcode Gap Discovery was able to show two small barcode gaps identified
among the Physalis accessions based on rbcL barcode. This is an indication that the genetic
divergence of rbcL barcode sequences of Physalis accessions was low and the rbcL barcode is
relatively conserved in Physalis. The nucleotide polymorphism of rbcL barcode sequences of
Physalis concurred with the Tajima neutrality test results which indicated a positive selection
with a negative Tajima D value of -2.533533. Although 85 segregating sites were identified, the
mutations were low frequency mutations associated with a positive selection as indicated by the
negative Tajima D value. The rbcL barcode sequences of Physalis in this study had high
singleton and parsimony informative sites among their 85 segregating sites. Sixty-six of the
segregating sites were singleton mutations while 19 were parsimony sites. These are low
frequency mutations and are associated with low nucleotide diversity based on the Tajima
neutrality test (Carlson et al, 2005; Tajima, 1989).
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5.5 Conclusion

The rbcL DNA barcode was effective in genus identification of the Physalis accessions but not
discrimination of the different species. All 56 Physalis accessions used in this study were
identified as the genus Physalis. The rbcL barcode sequences of the 56 Physalis accessions were
highly conserved and phylogenetic tree analysis could not facilitate Physalis species
discrimination. Low sequence divergence and low genetic distance among rbcL sequences of the
Physalis accessions were also observed, indicating the rbcL barcode conserved among the

accessions used in this study.
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CHAPTER SIX

6.0 Comparative efficacy of 1TS2 and rbcL DNA barcodes for identification and genetic

diversity assessment of Physalis accessions in Kenya

6.1 Introduction

The genus Physalis has many species that grow in a wide array of habitats and ecologies, a
common feature of the Solanaceae family (Ralte and Singh, 2021). This plant is native to the
Andean region of South America with Colombia being the main producer and exporter (Chaves-
Gobmez et al., 2020). The economic value of Physalis in Colombia is linked to the high demand
for fruits from mainly European countries (Alvarez-Florez et al., 2017; Ordofiez et al., 2017).
Other exporters of Physalis include Australia, New Zealand, Great Britain, Egypt, South Africa,
Uganda, Zimbabwe, Kenya, Madagascar, and Southeast Asian countries (Barirega, 2014; Zhang
et al., 2013; Ramadan and Moersel, 2003). Physalis are useful for income generation and have a
wide range of nutritional and medicinal applications (Afroz et al., 2020; Barirega, 2014).
Nutritionally, several Physalis species are rich in water- and fat-soluble vitamins (A, E, K, C and
B-complex), minerals (magnesium, potassium, calcium and zinc), fatty acids (such as palmitate
and linoleic acid), proteins and sugars (Puente et al., 2011; Ramadan and Moersel, 2003). The
increased consumption of Physalis fruits has been associated with a decreased risk of chronic
degenerative diseases (Reddy et al., 2010). The fruits are also rich in soluble solids, such as
sugars like fructose, which are valuable for diabetic sugar control (Barirega, 2014). P. peruviana
and P. angulata are rich in flavonoids, physaloids and other phytochemicals, and have been
utilized in ethno-medicine. These phytochemicals have been applied in wound healing and the
treatment of various ailments such as jaundice caused by hepatotoxicity, asthma, arthritis and
hepatitis (Abdul-Nasir-Deen et al., 2020; Zhang and Tong, 2016; Arun and Asha, 2007).
Phytochemicals like polyphenols have also contributed to the antioxidant, anti-inflammatory,
antidiabetic, antihypertension and anticancer activities of Physalis crude extracts (Lan et al.,
2009; Pinto et al., 2009; Franco et al., 2007; Wu et al., 2006). In addition, Physalis ixocarpa,
commonly referred to as tomatillo, is a source of nutrients used in the preparation of sauces and
salads (Shenstone et al., 2020). Due to the wide diversity of Physalis species and species-specific

applications, there is a need to authenticate and discriminate the different Physalis species in

105



particular regions for efficient utilization, genetic resource conservation, and effective utilization

in breeding programs (Feng et al., 2016).

The identification of Physalis species using morphological properties has resulted in
misidentifications due to similarities in the phenotypic characteristics of the different species
(Feng et al., 2016). For example, P. minima and P. pubescens are morphologically similar,
which presents a challenge in their differentiation using their phenotypic characteristics (Feng et
al., 2016). Morphological identification is also affected by the environmental/physiological
factors, stage of growth and development of plants (Vargas-Ponce et al., 2011; Menzel, 1951).
The misidentification of Physalis species can lead to losses of genetic information due to a lack
of genetic conservation (Feng et al., 2018). Since the morphological identification of Physalis
species has proven to be inefficient, there is a need to use robust and accurate means of species
identification (Yu et al., 2021). Molecular identification is more accurate as it is based on unique
nucleotide sequences that are not affected by the morphological characteristics of the species, the
development stage (growth phase) or environmental/physiological factors (Schindel and Miller,
2005). To this end, DNA barcoding is one of the molecular techniques that can be used to

identify and specify species accurately (Qian et al., 2022).

DNA barcoding is a rapid and reliable method of species identification and discrimination using
short universal standardized DNA sequences (Saddhe and Kumar, 2018). It has been widely
utilized and accepted in the identification of plants and animals as an effective taxonomic tool
(Yu et al., 2021; Dormontt et al., 2018; Kress, 2005). Several DNA barcodes can be utilized in
the identification of plants, based on the chloroplast-plastid (ribulose-1,5-bisphosphate
carboxylase large (rbcL), maturase (matK), psbA-trnH among others) and nuclear ITS (internal
transcriber spacer (ITS1) and (ITS2)) regions. However, factors such as universality, success in
amplification and specificity variation need to be considered. These factors influence the
efficiency of particular DNA barcodes in the identification and discrimination of plant species,
and need to be taken into consideration in the selection of a DNA barcode (Li et al., 2021). rbcL
is one of the universal barcode genes that is ideal for plant species discrimination studies, due to
its high amplification and low mutation rate (Kang et al., 2017). The low level of mutation in the

rbcL gene implies that it can be used in detailed studies on intra-species genetic and phylogenetic
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variation (Nurhasanah et al., 2019). In addition, it is also a commonly used DNA barcode
because it is conserved across a wide range of plant species (Manzara and Gruissem, 1988).
Conversely, the nuclear DNA barcode, ITS2 gene is considered the best marker for DNA
barcoding due to its high species discrimination power, inter- and intra-species level diversity,
and high success rate in amplification and sequencing in plants (Kang et al., 2017). Therefore,
this suggests the combination of chloroplast—plastids and nuclear regions as an efficient barcode

tool to explore plant species discrimination (CBOL Plant Working Group et al., 2009).

According to the available literature, no DNA barcoding study has been conducted on the
Physalis species present in Kenya. Similarly, no study has been conducted to assess the genetic
diversity among Physalis accessions. The current study aimed at identifying the Kenyan Physalis
species using rbcL and ITS2 barcodes and assessing the efficiency of the two candidate DNA
barcodes to identify Physalis species. In addition, the phylogenetic relatedness of Physalis

species was determined using rbcL and ITS2 sequences.

6.2 Materials and methods

6.2.1 Study area and collection of plant samples

Leaves of the genus Physalis were randomly collected from different locations of Kericho,
Elgeyo-Marakwet, Homa Bay, Nakuru, Kajiado, Nyeri and Kiambu Counties of Kenya (Figure
6.1). The leaves were purposively sampled based on the availability, as most of the samples were
wild plants growing without human intervention except for those collected from Elgeyo-
Marakwet from a farmer. Within specific locations of sampling in the different counties, leaves
and ripe fruits were collected and labeled after being placed in collection bags. The collected
Physalis plant samples were identified by the taxonomist Mr. Patrick Mutiso and the samples
were preserved in the University of Nairobi herbarium in the Department of Biology (Codes of
Voucher Specimens: KP/UON2019/001- KP/UONZ2019/064). A Global Positioning System
(GPS) device was used to record the location where the samples were collected in different
counties; the altitude of the location of sampling was also noted and the assigned species name
based on morphological appearance was also recorded ( Table 6.1 and Appendix 1 A). Leaves of
sixty-four (64) Physalis plants were collected between April and June 2019 in triplicate in zip-

lock bags. Since it was difficult to identify the samples morphologically, each set of triplicate
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plants was given a specific unique identification name based on the location at which they were

collected, and a number (Appendix 1 A). Representative images of plants of some of the

collected samples are presented in Figure 6.2. The samples were transported within 24 h post-

sampling in a cool box with icepacks to the Department of Biochemistry at the University of

Nairobi, and kept in the laboratory for genomic DNA extraction.
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Figure 6.1. The locations of Physalis sampling sites in seven counties of Kenya and spatial
distribution of the Physalis species discriminated based on ITS2 barcoding

Table 6.1. Geographical coordinates and number of samples picked from the various regions of

Physalis sampling within seven different counties in Kenya

Serial | County Location Latitude Longitude | No. of
No. samples
collected
1. Kericho Londiani - Sorget | 0.0684° S 35.5548° E | 10
2. Elgeyo- Chebororwa 0.9487° N 35.4234°E | 13
Marakwet

3. Homa Bay Ndhiwa 0.7299° S 34.3671°E |3

4. Nakuru Gilgil market 0.4923° S 36.3173°E |1

5. Kajiado Ongata Rongai 1.3939° S 36.7442°E |5

6. Nyeri Mukurweini 0.5609° S 37.0488°E |5

7. Kiambu Tigoni 1.1651° S 36.7065° E | 17
Thika 1.0388° S 37.0834°E |9
Muguga 1.2551° S 36.6580°E |1
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Figure 6.2. Plant morphology of Physalis species

(A) P. purpurea—0Q372009.1; (B) P. microcarpa—0Q372018.1; (C) P. purpurea—
0Q372013.1; (D) P. purpurea—0Q372019.1; (E) P. purpurea—0Q372020.1 and (F) P.
cordata—0Q372012.1) in their natural habits. The Physalis species were discriminated based on
their ITS2 barcode sequence. Morphological data for the Physalis accessions was not recorded.
Physalis accessions were highly morphologically similar and environmental factors like soil
salinity and pH, light exposure and carbon dioxide saturation can affect the physiological growth

stages of the plants.

6.2.2 Molecular authentication of Physalis plants

6.2.2.1 Genomic DNA extraction

Physalis accessions genomic DNA was isolated, purified, viewed and stored as described in
section 3.2.2.1.
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6.2.2.2 PCR amplification and sequencing
Polymerase chain reaction (PCR) amplification was performed using ITS2 and rbcL DNA
barcode markers presented in Table 3.1. PCR amplification, purification of PCR products and

sequencing was performed as described in section 3.2.2.2.

6.2.2.3 Sequence alignment, phylogenetic and data analysis

The sequences of only 28 Physalis accessions that were successfully sequenced for both ITS2
and rbcL primers were used. The sequences of ITS2 and rbcL genes for Physalis accessions
attained were curated, subjected to BLASTn analysis, used to prepare MSAs and phylogenetic
trees as described in section 3.2.2.3. The MSA for the construction of MrBayes phylogenetic tree
was prepared using the 28 Physalis 1TS2 and rbcL gene sequences that had successfully been
sequenced and BLASTnN generated reference sequences for the two genes. Two MSAs were also
prepared separately for 1TS2 and rbcL sequences without use of their reference sequences and
were used in the genetic diversity, nucleotide polymorphism, neutrality test, and automatic

barcode gap discovery (ABGD) analysis.

6.2.3 Analysis of genetic divergence
The DNA divergence between Physalis accessions based on ITS2 sequences was assessed as
described in section 4.2.4. DNA divergence within Physalis accessions based on ITS2 gene

sequences was performed as described in section 3.2.3.

6.2.4 Determination of intraspecific and interspecific genetic distance

The intra- and interspecific genetic distances and overall mean distance of Physalis accessions
based on the ITS2 sequences were determined as described in section 4.2.5. The intraspecific
distance of Physalis accessions based on rbcL genes was determined as described in section
3.2.4.

6.2.5 Nucleotide polymorphism

Nucleotide polymorphism was assessed using the two MSAs for 28 Physalis accessions based on

ITS2 and rbcL sequences as described in section 3.2.5.
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6.2.6 Tajima’s neutrality tests

Tajima’s neutrality test for ITS2 and rbcL sequences was performed to assess the frequency of
mutations among species and to determine selection in the populations (Tajima, 1989). Tajima’s
neutrality test was assessed using the MEGA 11.0 software (Tamura et al., 2021). The analysis
involved 28 nucleotide sequences for the DNA barcode gene sequences analyzed. The codon
positions included were the 1st + 2nd + 3rd + Noncoding for the rbcL gene sequences. All
ambiguous positions were removed for each sequence pair (pairwise deletion option) in both
analyses based on ITS2 and rbcL genes. There were totals of 532 and 716 positions for the 1TS2

and rbcL genes, respectively, in the final dataset.

6.2.7 Barcoding gap analysis

The ITS2 and rbcL multiple sequence alignments for the 28 Physalis accessions were separately
uploaded to the ABGD website (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html accessed
on 20 February 2023) and distance analysis performed based on K80 Kimura measure of
distance as described in section 3.2.7.

6.3 Results

6.3.1 Success rates of PCR amplification and sequencing

The success rates of PCR amplification for ITS2 and rbcL were 77% and 84%, respectively,
while the sequencing success rates were high for rbcL (89%) and moderate for ITS2 (65%)
(Table 6.2). The lengths of the ITS2 sequences were in the range of 237-707 bp, with an average
of 525 bp and mean GC content of 61%, with a range of 55.7-66.9%. Similarly, the lengths of
the rbcL sequences were in the range of 463-854 bp, with an average of 690 bp and mean GC
content of 43.4%, with a range of 42.1-45.5% (Table 6.1, Appendix 1B and C).
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Table 6.2. Efficiency of PCR amplification and sequencing for Physalis accessions for ITS2 and

rbcL barcodes.

Number  ofiNumber of% Mean Mean GC
Barcode [Samples . o % sequencinglAlignment
] amplicons  [sequences amplification o sequence [content
region tested (n) o efficiency length (bp)
produced [produced efficiency length (bp) [(%0)
ITS2 64 49 32 i 65 841 525 61.00
rbcL 64 54 48 84 89 841 690 43.40

The nucleotide base frequencies at different coding positions in Physalis accessions for ITS2 and
rbcL sequences are indicated in Table 6.3. The percentage GC contents of ITS2 sequences were

significantly higher than those of rbcL sequences for the Physalis accessions used in this study.

Table 6.3. The nucleotide base frequencies of candidate nucleotide sequences at different coding

positions in Physalis accessions.

Barcode Locus Base Contents (%)

A T G C AT GC
ITS2 19.42 ]19.39 [29.78 [31.41 [39.00 |61.00
rbcL 28.22 2840 [23.10 [20.28 [56.58  43.42

6.3.2 Species discrimination of Physalis accessions using BLASTn analysis

Species discrimination used a similarity-based approach based on BLASTn. The results show a
high similarity of ITS2 and rbcL with other sequences in the GenBank by BLASTn sequence
similarity searches. The percentage identity based on ITS2 loci ranged from 80.36 to 97.41%,
and the Physalis species identified were P. cordata, P. peruviana, P. microcarpa, P. aff.
philadelphica, P. minimaculata and P. purpurea (Table 6.4). None of the Physalis accessions
had 100% identity based on ITS2 sequences for the BLASTn analysis. BLASTn analysis of the
rbcL sequences identified that all 28 Physalis accessions belonged to the genus Physalis. Out of
the 28 Physalis accessions, 7 had 100% identity as P. minima, while the rest had percentage
identities ranging from 91.10 to 99.86 and were identified as P. peruviana, P. virginiana, P.

angulata and P. minima (Table 6.4).
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Table 6.4. BLASTn analysis results for 28 Physalis accessions based on ITS2 and rbcL barcode gene

Sample ID rbcL ITS2
Species of | GenBank E- Percent | Accession Species of | GenBank E- Percent | Accession
best BLAST | Accession value | identity | number best BLAST | Accession value | identity | Number
match number  (of (%) match Number (of (%)
database) database)
Chebororwa | P. NC_026570. | 0.0 94.90 0Q507163. | P. purpurea MH763740.1 | 0.0 94.70 0Q371996.
C2 peruviana 1 1 1
Chebororwa | P. KT178121 0.0 95.46 0Q507165. | P. cordata AY665886.1 | Se- 87.78 0Q371997.
C5 virginiana 1 122 1
Chebororwa | P. minima NC 048515. | 0.0 93.18 0Q507166. | P. cordata MH763728.1 | 1e-81 | 82.24 0Q371998.
elin 1 1 1
Chebororwa | P. minima | NC_048515. | 0.0 99.46 0Q507167. | P. cordata AY665886.1 | le- 86.06 0Q372001.
edin 1 1 108 1
Chebororwa | P. minima NC_048515. | 0.0 98.28 0Q507168. | P. purpurea MH763740.1 | 0.0 93.75 0Q372003.
e6in 1 1 1
Chebororwa | P. minima NC_048515. | 0.0 99.19 0Q507169. | P. purpurea MH763740.1 | 0.0 94.27 0Q372004.
e7in 1 1 1
Gilgil gm P. minima NC_048515. | 0.0 99.06 0Q507171. | P. purpurea MH763740.1 | 5e-35 | 81.98 0Q372005.
1 1 1
Muguga DM | P. minima | NC_048515. | 0.0 98.74 0Q507177. | P. purpurea MH763740.1 | 0.0 93.83 0Q372007.
1 1 1
Mukurweini | P.angulata | NC_039457. | 0.0 92.90 0Q507180. | P.peruviana | AY665914.1 | 4e-93 | 88.82 0Q372008.
ny5 1 1 1
Ndhiwa hb2 | P. minima | NC_048515. | 0.0 93.33 0Q507181. | P. purpurea MH763740.1 | 0.0 94.28 0Q3720009.
1 1 1
Ongata P. NC_026570. | 0.0 95.47 0Q507183. | P. cordata AY665886.1 | 2e-76 | 86 0Q372012.
Rongai nor3 | peruviana 1 1 1
Ongata P. KT178121.1 | 0.0 91.10 0Q507184. | P. purpurea MH763740.1 | 0.0 94.09 0Q372013.
Rongai nor4 | virginiana 1 1
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Ongata P. NC_026570. | 0.0 98.78 0Q507185. | P. purpurea MH763740.1 | 0.0 9451 0Q372014.

Rongai nor5 | peruviana 1 1 1

Thika TK8 P.minima | NC_048515. | 0.0 99.04 0Q507192. | P. AY665905.1 | 2e-93 | 88.51 0Q372015.
1 1 minimaculata 1

ThikaTK9 P.minima | NC_048515. | 0.0 98.03 0Q507193. | P. peruviana | AY665914.1 | 1e-35 | 80.36 0Q372016.
1 1 1

Tigoni T2 P.minima | NC_048515. | 0.0 98.31 0Q507194. | P. purpurea MH763740.1 | 7e- 91.79 0Q372017.
1 1 160 1

Tigoni T4 P.sminima | NC_048515. | 0.0 96.42 0Q507195. | P. microcarpa | AY665903.1 | 1e-61 | 86.78 0Q372018.
1 1 1

Tigoni T9 P.minima | NC_048515. | 0.0 98.13 0Q507199. | P. purpurea MH763740.1 | 0.0 92.22 0Q3720109.
1 1 1

Tigoni T11 P.minima | NC_048515. | 0.0 99.32 0Q507201. | P. purpurea MH763740.1 | 9e-32 | 84.85 0Q372020.
1 1 1

Londiani 2 P.mimima | NC_048515. | 0.0 100 0Q507153. | P. purpurea MH763740.1 | 0.0 92.98 0Q372021.
1 1 1

Londiani 3 P.minima | NC_048515. | 0.0 99.59 0Q507154. | P. purpurea MH763740.1 | 0.0 94.06 0Q372022.
1 1 1

Londiani 4 P.minima | NC_048515. | 0.0 100 0Q507155. | P. peruviana | AY665914.1 | 0.0 97.41 0Q372023.
1 1 1

Londiani 5 P. minima NC_048515. | 0.0 99.86 0Q507156. | P. purpurea MH763740.1 | 0.0 94.45 0Q372024.
1 1 1

Londiani 6 P. minima NC_048515. | 0.0 100 0Q507157. | P. aff. | AY665868.1 | 2e- 91.35 0Q372025.
1 1 philadelphica 144 1

Londiani 7 P. minima NC_048515. | 0.0 100 0Q507158. | P. purpurea MH763740.1 | 1e- 86.00 0Q372026.
1 1 148 1

Londiani 8 P. minima NC_048515. | 0.0 100 0Q507159. | P. purpurea MH763740.1 | 0.0 93.07 0Q372027.
1 1 1

Londiani 9 P. minima NC_048515. | 0.0 100 0Q507160. | P. purpurea MH763740.1 | 0.0 88.96 0Q372028.
1 1 1

Londiani 10 | P. minima NC_048515. | 0.0 100 0Q507161. | P. purpurea MH763740.1 | 0.0 90.16 0Q372029.
1 1 1

114




6.3.3 Multiple sequence alignments

The multiple sequence alignment (MSA) of cleaned ITS2 and rbcL sequences as well as their
reference sequences from BLASTN analysis was prepared based on MUSCLE had a sequence
length of 841 bp. The multiple sequence alignment was compressed using ESPript 3 (Appendix
2D) (https://espript.ibcp.fr/ESPript/temp/1032964064/0-0-1680466160-esp.pdf accessed on 15
February 2023). This MSA had a high rate of nucleotide substitutions, deletions and insertions
among and between Physalis species based on the ITS2 marker (Appendix 2D). The MSA also
shows a high rate of nucleotide sequence conservation among and between the Physalis species
based on the rbcL marker with very few deletions, insertions and substitutions. Substitution
transition mutations can be noted at positions 304 and 368 (Appendix 2D). At position 304, we
see a transition substitution mutation for the Physalis accession OQ507184.1 whereby this
sequence has an adenine, but all other rbcL sequences and reference sequences have a guanine.
At position 368, there is another substitution point mutation for Physalis accession OQ507166.1,
whereby guanine replaces an adenine base. A transversion point mutation is also noted at
position 305 for the Physalis accession OQ507184.1, whereby a guanine replaces cytosine
(Appendix 2D).

Other transversion point mutations are noted at positions 369 and 419 of the Physalis accession
0Q507166.1, whereby adenine replaces thymine in both cases (Appendix 2D). An insertion
macro-lesion is noted between positions 579 and 580 for Physalis accession 0Q507166.1,
whereby five nucleotides are inserted (Appendix 2D). A deletion macro-lesion is noted for
Physalis accession OQ507184.1 between positions 530 and 536 whereby seven nucleotides are
deleted (Appendix 2D).

The MSA of the 28 ITS2 sequences based on MUSCLE, trimmed and edited by Jalview version
1.11.2.0, had a sequence length of 532 bp. It was compressed using ESPript (Figure 6.3)
(https://espript.ibcp.fr/ESPript/temp/1440398212/0-0-1688383904-esp.pdf  accessed on 15
February 2023). This MSA has many substitutions, deletion and insertion mutations (Figure 6.3).
The substitution mutations in this MSA are composed of transition and transversion point
mutations (Figure 6.3). The MSA of 28 rbcL sequences based on MUSCLE, trimmed and edited
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by Jalview, had a sequence length of 716 bp. It was compressed using ESPript (Figure 6.4)
(https://espript.ibcp.fr/ESPript/temp/1848737578/0-0-1688384397-esp.pdf accessed on 15
February 2023). This MSA is relatively conserved and does not have any insertion or deletion
mutations, but it has quite a high number of substitution point mutations; for example, at
positions 40, 170, 171, 180, 181, and many others (Figure 6.4). The substitution mutations are
composed of transition and transversion point mutations Figure 6.4). The sequence alignments
reveal a wide dispersal of sequence similarity for ITS2 sequences and homologous sequences for
rbcL sequences among the tested Physalis accessions.

116


https://espript.ibcp.fr/ESPript/temp/1848737578/0-0-1688384397-esp.pdf

00372005.1
0Q372023.1
00372026.1
00372027.1
0Q372029.1
00372016.1
00372008.1
00372020.1
00372018.1
0Q372015.1
00372028.1
0Q372019.1
0Q372024.1
0Q372003.1
00372007.1
0Q371996.1
00372004.1
00372009.1
0Q372014.1
0Q372013.1
00372017.1
00372021.1
00372025.1
003720221
0Q371998.1
0Q372001.1
00372997.1
00372012.1

00372005.1
00372023.1
00372026.1
00372027.1
00372029.1
00372016.1
00372008.1
00372020.1
00372018.1
00372015.1
00372028.1
003720191
0Q372024.1
00372003.1
00372007.1
00371996.1
00372004.1
00372009.1
00372014.1
00372013.1
00372017.1
00372021.1
00372025.1
00372022.1
00371998.1
00372001.1
00372997.1
00372012.1

0Q372005.1
00372023.1
0Q372026.1
0Q372027.1
00372029.1
00372016.1
00372008.1
00372020.1
00372018.1
0Q372015.1
00372028.1
00372019.1
00372024.1
0Q372003.1
0Q372007.1
0Q371996.1
0Q372004.1
00372009.1
0Q372014.1
0Q372013.1
00372017.1
00372021.1
0Q372025.1
00372022.1
003719981
0Q372001.1
0Q372997.1
00372012.1

*

GGGG:
.GGG
CGGG

CGGG
GGGA

10
TCGTAGT. .

TCGCGGTCG
TCGCGGTCG

TCGCGGTCG
TCATTIGTCG

GGCG
GGGA
CAGG
CAGG
. . GA
GGGA
GGGA
. GGA
AGGA
GGGA
GGGA
CAGG
GGAA
GGAA
GGGA

GGGA

-ACG
GGGA

70

CGAAG|TGAGATIC|
CCGAGAGTTGACGA|

CAAGA[GTTGAG

GTTAAG(C

GCGAAG(C
GCGA.G(]
GCTAAGC
GCTAAGC]
GCTAAG(C

GCTAAG(C
GCTAAG(C
GCTAAG(

3

80 90
acfacTTGCcGTH
aclcacTreclceT
ACICACTTGC|ICGT
AC[CACTTGCCGTG]

CAAGA[GTTGAGA

[eXsNsNeXe]

ACICACTTGCICGT

]
Al
. CAAAIGT T GA GIAA
A
;
C

CCGCCIIGCCIC G

ITICGCGTGTI|ICCCG

TCGTC|GECGE .| -
TCGTCfGECAG
TceTClsECClAg

[

GT[CGCGCGTIGGCH

CGICACGTGC|GCGG

CGICACGTGC|GCGG

TCGTC|GGCCAG

CGICACGTGC|GCGG

TCGTCGGCCAG

O0QQr

CGICACGTGCIGCGE

TCGIC|GGCCACG
TCGTC|GGCCAG
TCGTC|GGCCAG
TCGTCGGCCAG

CGICACGTGC|GCGG
CGICACGTGC|GCGG
CGICACGTGC|GCG(
CGICACGTGCIGCG

TCGTCGGCCAG

CGICACGTGC|GCGG

TCGTC|GGCCAG
TCGTCIGGCCAG
TCGIC|GGCCAG

CGICACGTGC|GCG(G
CGICACGTGCIGCGE
CGICACGTGC|GCGG

TCGTC|GGCCAG
TCGTC|GGCCAG
TCGTC|GGCCAG

CGICACGTGC|GCGG
CGICACGTGC|GCGG
CGICACGTGC|GCG(G

TCGTCIGGCCAG

P e 000000000000 0000-.

00000000000

[EXeK)

CGICACGTGCIGCGE

TCICGTGTGCICACA]
GT[TGCGT. .

« . ACCCGGCCGA

CG...
CCCgl
ICCCC(]
ICGCCG
ICGCCG
ICGGC(]
CGTCC
ICGGC(]
TGTTC|
ICGTCC]
ICGTCC]
ICGTCC
CGTCC
ICGTCC]
CGTCq
ICGTCC
ICGTCC]
ICGTC(
ICGTCC
ICGTCC]
ICGTC(]

¢

ICGTCC]
ICGTCC]
GTGCC
TGTCC
ICCTCC]

D 0 T e e e e e e e e e e O H QO D6

ICGTC(|.

0OOHHHHS SRS SIS HEE S 000D OO

ICGTGC

Q06

40

GGl
GGl
CG|
G G|
G G|
CT|
TC|

OO aaaoal

CT
cT
cT
CT
cT
CT|
CT
cT
CT|
CT
cT
cT
CT
cT
cT
CT|

POOQHH

A

P EE. 00000000,

]

s XeNesNsNs ReRe s ReNsNe Ao NsNe N K]

GT|
GC
GG

[N}

59

CAC]
CCC|
CAC]
CAC|
cCq
cCc|
CCC
CCC|
CCC|
cCqy
cCq|
cCC|
CCC|
CCCl
CCC|
CCC
cCqy
CCC|
CCC
cCC|
cCcl
CCC
CCT
CGC|

CAC

CAC

ICA
CA

ICA
ICA
ICT
IcC

IGC
IGC
IGC
IGC
IGC
IGC

IGC
GC
IGC
IGC
|GC
IGC
IGC
GC

IGA
G .

TGCTCG
CCCTCG
CCCTCG
CCCTCG
CCCTCG

CTCTCG
CTCTCG|

QO PEPO-

CTCTCG
CTCTCG
CTCTCG
CTCTCG

117

GCICTAGCTTCGCT
. .CICTAGTTCA

TGGCEGC g GC
T(GTCpGCClG CG
TIGTICAGCC|G cc
TIGTCAGCClG cc
TIGTCpGCClG cC
C|G|C G[A A C C|T| GG
C|G|C Gla A C C|T] GA
CIGICARACCICIS G
ClGCARACC|C|HTTTGAAC GA
clGic .[AACCT|HTTTGAAC GA
C|GCARACC|C|ETTTGAAC GA
CIGCA[RACCIC|HTTTGAAC GA
ClGCARACCC|TTTGAAC GA
ClGICARACCIC|TTTGAAC A
ClGCARACCCldTTTGAAC) GA
ClGIC .[AACCC|dTTTGAAC GA
C|GCARACCIC|TTTGAAC GA
ClGCARACCIC|ETTTGAAC GA
CIGICARACCIC|HTTTGAAC GA
ClGCARACCIC|ETTTGAAC GA
clecapacccldrTTeaac) GA
ClGCARACCIC|ETTTGAAC G AR
GICARACCICITTTGAAC GA A
AGGARA. .|.[f.......| AR
TIGTGRACCT|G A ClGl
cessfaccc ...... A T/
clgeclaccaridr. .. L. lcelacg
100 110 120
FleetccacTCcAG[Ec[CAT] AGCGH
[esTIccacTeGTpslccd cece
[CICGTICGACT CACTIAGIG C Cla)
[ClcGTICGACTCACTIAG(G C ClA)
e TIcGACTCAT[AGGCClA y
ICAGT|. . . ACAATICIAIAIC C CIC|GIGIA G| G GA C|C[T|
CGGTICG. CTAACIARICICCC GCGGACGCG
lTAGICcGRCTARC|GRACC CACGAAAICIG
CTAGICGACTAACIGRIACCC CACGARACIE
ITAGICGACTAAT|GRIAICCC calcGalaalcle
[CTAGICGACTAACIGRIAC C CIC|G(GIC Alc G AR AlC|G
[CTAGICGACTAATIGRIAICCC] CACGARACIG
CTAGCGACTARTIGRAICCC CACGARACIG
lTaGlccacTaadarlalc ¢ celdlelcalc calaaldg
[CTAGICGACTARC|GRAIC C ] CACGARACIG
(CTAGICGACTAAC|GRA sle
[TAGICGACTAAC|GRIA| clg|
[CTAGICGACTAAC|GAA| clg|
[CTAGICGACTAACIGAA cla|
[CTAGICGACTAAC|GA| clg|
[CTAGIC GACTAAC|GAA] clg|
ICTAGIC GACTAAC|GRIA| ci
[CTAGICGACTAAC|GRA| cl|
Jowo|o o  TARC|GIRG] ..
[CTTGICGTTTAAC|ARICH clc|
[clcGAICGACGAAC|CICG] sle
[KCAGRAACT . ACIGIAG] L.
160 170
G| GCIGATICT|ITATGCC
G| GCIGAC|GCIGAT/GCG
G| A GCIGAT|GCICATIGCG
G| (Al GCIGAT|GCGAT/GCG
G| {a) GCIGAT|GCGATGCG
C| C| cle PRV P P
C| C| GT|. GClGCCTCGCT,
Cl. CGT| e+ PRV PO P P
.|T)GCGC GCITGCIC T TCGCT|
T|G C GIC GCITGTIGCTTCGCT,
T|GC GIC GCITGTIGOTTCGCT|
T|GCGC GCITGTIGCTTCGCT]
T|G C G(C| GCITGTIGOTTCGCT,
T|GC GIC GCITGTIGCTTCGCT|
T|G C G(C| GCIGTIGITCGCTT
T|GCGC GCITGTIGATTCGCT|
T|GC GC GCITGTIGOTTCGCT
T|GCGIC GCITGTIGCTTCGCT|
T|GCGIC GCITGTIGCTTCGCT,
T|GC GIC GCITGTIGATTCGCT,
T|G C GIC GCTGTIGCTTCGCT|
T|G C GIC| IWCIGTGTT . CleCT
T|GCGIC GCITGTIGCTTCGCT
T|GC GC GCITGTIGOTTCGCT
cl. . .- GCICTGTCTTCGCT,
c|.
T|
cl.

Capaaoacooaaaaaaoaaaa

CTCTCG|
CTCTCG
CTCTCG]
CTCTCG|
CTCTCG|
CTCTCG
. TCTCG
CTCTCG|
CTCTCG
CTCTCG|
CTCTCG
CTCTCG|
CTCCTG

oo an:.

TO0-




00372005.1
0Q372023.1
00372026.1
00372027.1
00372029.1
00372016.1
00372008 .1
00372020.1
00372018.1
00372015.1
00372028.1
0Q372019.1
0Q372024.1
00372003.1
0Q372007.1
0Q371996.1
00372004.1
00372009.1
0Q372014.1
00372013.1
00372017.1
00372021.1
00372025.1
00372022.1
0Q371998.1
0Q372001.1
0Q372997.1
00372012.1

00372005.1
00372023.1
00372026.1
00372027.1
0Q372029.1
00372016.1
0Q372008.1
00372020.1
00372018.1
00372015.1
00372028.1
00372019.1
0Q372024.1
00372003.1
0Q372007.1
00371996.1
00372004.1
00372009.1
0Q372014.1
00372013.1
0Q372017.1
00372021.1
00372025.1
00372022.1
00371998.1
00372001.1
0Q372997.1
00372012.1

00372005.1
00372023.1
00372026.1
00372027.1
00372029.1
00372016.1
003720081
00372020.1
00372018.1
00372015.1
00372028.1
00372019.1
00372024.1
00372003.1
00372007.1
00371996.1
00372004.1
00372009.1
00372014.1
00372013.1
00372017.1
00372021.1
00372025.1
00372022.1
00371998.1
00372001.1
00372997.1
00372012.1

N e P Tararrecd:].[..].[.]. - - A PP P P L.
C|CTAATGGCTTCGGGCGCAACTTG, C|A Aln GGTTCAE;GGATTCT
CJCCTATGGCTTCGGGGACAACTTG T|C[C AfA CGTTTACGGGRAT|T[CT
C|CTARTGGCTTCGGGCACAACTTGCGTTICAAR] CGTTCACGGGATTICT
CICTAATGGC|TTCGGGCACAACTTGCG|T|T|ICRAMA CGTTCACGGGRATT|CT,
. .. .. TGCGT(TG[ AlAIT R Lo a]ele] ] -
C] TCGCT. CGA[T|GAAlAlA CITGTACTGGT|GGATT
. . . CTGCGACITIACIG| N 1.........
CJAACGGATATCTICGGCTC] T|T|T T|§) GAACCGCGATA.|.|. .
C|AACGGATATCTCGGCTCTCGCAT TG AlG CAAATGCGATACH|TG
CJAACGGATATCTCGGCTCTCGCAT TG AlG CARRTGCGATACTITG
CJAACGGATATCTCGGCTCTCGCAT T|Gfa A[GlA CAAATGCGATRACTITG
C|JARCGGATATCICGGCTCTCGCAT, T|GA AlG CAAATGCGATRCI|TG
CAACGGATATCTCGGCTCTCGCAT T|GAAGA . GAAATGCGATRACT|IG
CJAACGGATATCTCGGCTCTCGCAT T|GIAB(GR . GAAATGCGATACTITG
CIAACGGATATCTCGGCTC|TCGCAT T|GlA AIG] GAAATQCGATACTTG
C|JAACGGATATCICGGCTCTCGCAT T|GIA AlG GAARTGCGATAC/IITG
C|[AACGGATATCTCGGCTCTCGCAT, T|GIA AlG GARATGCGATACTITG
C|JAACGGATATCICGGCTCTCGCAT, T|GIA AlG) CAAATGCGATRACTITG
C|JAARCGGATATCICGGCTCTCGCAT, T|GIAAlG GAAATGCGATRACI|TG
CJAACGGATATCTICGGCTCTCGCATCGATIGRAG GARAATGCGATRACTITG
CJAACGGATATCTCGGCTCTCGCATICGAT|GA AR GARRTGCGATACTITG
C|JARCGGATATCTICGGCTCTCGCAT TIGIA AlG CIAAATGCGATRACITITG
|- CAAGGAT|ICTICGGCTC[TCGCA. .| [cala CIAATCGAACTIGGI|GT
CJAT..GGATTCTCGGCTT/CG. .CA IT|GIA AlG CAAT.GCGATRCT|TG
C|GAGGGATATCICGGCTT|. v v v . T|C|GAlG CAAATGCGATRACT|T .
A[CACGAAGATICTICGAATCTCGCCT Tl G| I R PN GAAGAAA
ATTTCGCTACGTTC|IT IATGCGAGAGICICIGAGATATCCGTT|GC
ATTTCGCTACGITC|IT| IAAGCCAGAACICIGAAANTATCCGTT|GC|C
ATTTCGCTACGTITC[TT ATGCGAGAGCCIGAGATATCCGTTGCC
ATTTCGCTACGTTC[TT IATGCGAGAGICICIGAGATATCCGTT|SC
GACTGATTGCGICCG|TT CGGGGAl|.|.|.]-

ICT GA.... o] .

TT| CAAGTIGTGCIC|/CGAAGCCATTAGGT
GAACCATCGAGTCT|TT) CAAGTT|GT|GICICICGRAAGCCATTAG|GC CACGTC
GAACCATCGAGICT|CT| CAAGT I|GT|G[C|CICGAAGCCAT TAGIC(T| CACGTIC
GAACCATCGAG[TCT[TT| CAAGTT|GTIG[CIC|C GARIGCCAT TAG(ET CACGTC
GAACCATCGAG[ICT[TT| CAAGT I|G[T|S[C|C|CGAMGC CAT TAG(GT| CACGTIC
GAACCATCGAG[ICT[IT| CAAGT I|GTG[CICICGARGCCAT TAG|G(T| CACGTC
GAACCATCGAG[ICT[TT| CAAGT I|GT|G[C|C|CGARGC CATTAG(HT CACGTIC
GAACCATCGAGTCT[TT) CAAGTTGTGICICICGAAGCCATTAG|G T CACGTC
GAACCATCGAGICT|IT| CAAGTIGT|G|CIC|CGARGCCAT TAGICT CACGTC
GAACCATCGAGTCT|TT] CAAGTIGT CICGAAGCCATTAGGT CACGTC
GAACCATCGAG[ICTCT| CAAGT I|GT|G[C|C|CGAAGCCAT TAG(ET CACGTT
GAACCATCGAG[TCT[TT| CARGTT|GTE[CIC|CGARGCCATTAG(HT CACGTC
GAACCATCGAGITCT|TT| CAAGTT[GTIG[CIC|CGAR/GCCAT TAG(HT CACGTC
G.ACCATCGAGTCT|. . IAAGCARGTIGIGICICCGAACCA . TAGGT A..GT
GACCATC...caTCrT CAAG. TIO[T[E[CIC|CGABGCCAT TACIT CA.GTC
GACCATC...GATC[TT| CAAGTTI[G[T CGARAGCCA. TAG|GC CACGTC
AGATCCCTGACICACICA TAAGCAAATIGTIGICCCIAAAACCATAGCICGAGGECA. . GT

21
............. [ a0 CA
G.CAGCTCCCCCIGLIGC CGAGG CCGTCGG....TT
A.CAGTTCILCCCGAGC AGG[GT|GT|CICCATCGGCTAGTTA
A.CAGCTCCCCCGLGC GA[GG[G[G[E{TCCATCCG. . . . IC
ACCAGCTCCCCC GG AGGG|G|T|GIT[GCCATCTGCGAGTA
............... I+l .
....... TCCCCCCGF
......... GTCTACC
IG|G|GIA[CIGATACTGG . . .
T TG|G|G/GAGIGATACTGG .
T T G|G|GGA[CIGATACTGG .
T TG|G|G|GIA[CIGATACTGG .
CACCGCG T T G|G|GGAICIGATACTGG.
CACCGCG CIGT TG|GGGAGGATACTGG .
CACCGC T TG|G|GGA|GGATACTGG .
CACCGC T TG|G|G|GA|GIGATACTGG .
CACCGC T T G|G|GGIAICIGATACTGG .
CACCGC T TG(G|G[G|AIC[GATACTGG .
CACCGCG 5T TG|G|G/GAGIGATACTGG. . . . CC
CACCGC T TG|G|G/GAICIGATACTGG .
GICGGCGCT TTG|GGGACIGTACT . ...
CICGGTGC TCG[GAGAICIGTACT. . . .
CGGTGCG G|T CG|C/AG/A[C|GATACTGG .
JCGGTGCEleGEAGTCGlGGEAlElcATACTGG. . . . CcC

118

GCAATTCACACCARAG
GICAATTCACACCAAG
GICAATTCACACCAAG
GICAATTCACACCAAG)

CICAATCCCTGACG

Ic
AC

GTGTGAATTGCAGAA
GTGTGAATTGCAGARA
CTGTGAATTGCAGAA
GITGTGAATTGCAGAA
GITGTGAARTTGCAGAA
GTGTGAATTGCAGARA
GTGTGAATTGCAGAA
GTGTGAATTGCAGAA
GTGTGAATTGCAGAA
GTGTGAATTGCAGAA
GTGTGAATTGCAGAA
GTGTGAATTGCAGAA
GTGTGAATTGCAGARA
GTGTGAATTGCAGAA

.GTGTGAATGCAGA

EEE

K

Bagag-.

AT

EECE=R=EN|
]
=
QOO 6.
ana-

Qs oo

B
[

Qe

ofe
c

ol
ofe

HEEHHEEHEAEHS A

ICCIC
icClc
ICCIC
ICC|

GIAAAACGAACTTGGG

GTT|
AT T
TTT
GTT

cTe

GC A

GC A
GCA|LC
GC A
GC A
G C A
G C A
GCA
GCA|T
GCA
GCT
GC A

TGG
TGG
jee
TGG
TG
T GG
TGG
T GG
TG
TG
TGG
TGG

TGC(
TGCC|
TGCC
TGCC
TGCC|
TGCC
TGC(]
TGC(
TGC(
TGCT]
TGCC
TGC(]
CGCC
TGCC
T.CC
TTCC

GC A
GC .
GCA
GC A
G C A

TGG
TG
ele
TGG
TGG

TCARICG
T CAICC
ITCACC
T CAICIG
T CAICIG

-0

Heaua4]
]

S G O

[eE=EnX)

e
T G|
T G
T G
T G
T G|
T G|
T Gl
T G|
T G|

CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG
CGCCATCG

ERE N e I N == R e X
000N OG0 GG

TGCGCCATCG
CGCCATCG
CGCCARAG
CGCCGAAG
CGCTCGAA

=K

T
T,
e
T
lcdelrelcseTeeaa

oo H.
QOO0 G-

T
T|
T|
T
T|
n
T
o
n
Tlcc
T|
n
n
I
1]
n
n
T

IGA

OHHHS-

SATC)

ILTC
CATC|
CATC
IATC
IARTC
AT C
SATC
IATC
CATC
CATC
IATC(G
IATC
IATC
IATC
IRTC
ATC

C

G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
G.TCGT
ACGTGT
A..CGC
G.GCGC
G.GCGC



220 230

0Q372005.1 o s : . [GTTAGGTTTTcRTTCcTTATTCT .
00372023.1 © cGlgCCTll GG {CG|G T TGGGT T TICGAICAAT|TICClT{TCCC
0Q372026.1 " .|-|.|. GlcGlceTI[TClGTIGC TC|G T TA|TC|CC TIAG|GC|T|AC|T|GAlC|]ACC
0Q372027.1 GlcGGCTGCT|GGlc|aAlcGlcceTTClcCleGIC GG T T|GClG GG TAGG GIT T T|C GAIC|C|C G|T|GG|TICAC T
00372029.1 GIGTTTTCGT|G|T|C|TGIGG|ITATC|TC|TAIGGICAAGT|GGIC TIGC TG|GG|T C TIAC|GAIGICG|GAATIG T TG
0Q372016.1 5 e oo e oo ] s]s o]. . .GARATGATTTAGITCACGMAT|ICAGAG. . . . .
0Q372008.1 G CGITGCTAC clccacc|calcalc TGEA TicC GTAlT|T|T|G T|TAGlG[GAG .
0Q372020.1 oelefe ofs oo o o o]e o]s JJGGTGCTCGGTTICTTTIAT|CC TA TAIC|T|TC|T|TCIT|TTTTT
0Q372018.1 i .- 3] I ..l .| TTTGGT TTiT G[T|T[T|T T|T|]C GlT]. . . . .
0Q372015.1 s % slevs|s e % ks § anlesls antas o] s ciafaks @ s
0Q372028.1 GGATGGCCTAAATG G|T|C|GAICGIGACG|ITCATITGTAGT TITGIT GG T TGA T[T C TICAJAC|TIC T|T|GG[T|[6CC T
00372019.1 GGTTGGCCTAATT|GAAGCCCAT|GT|CIGAICGGACG|TCACIGTATAGT|GGAGIGTAGRAITT .| .[|.[.[. .[-[- «]-]- - - - -
0Q372024.1 GGTTGGCCTAAAT|GGAGCCCAT(GT|C|GAICGIGACG|TCACIGGICAAGT|GG|TGIGT TG[AA[T C T|CAf(C[T|c T(T|G GlTj]cCC T
0Q372003.1 GGTTGGCCTAAAT|GGAGCCCAT|GT|CIGAICGIGACG|TCIACIGGICAAGT|GG|TGIG T TGAA|T C T|CAfA[C[T|C T|T|GGlTj[cCC T
00372007.1 GGTTGGCCTAAAT/GGAGCCCAT|GT|CIGA|C GGACG|T CJACIGGICAAGT|GGIT GG T TGIAA|T C TICA[AC|T|C T|T|GG|T|GCC T
00371996.1 GGTTGGCCTAAAT|GGAGCCCAT|GT|C|GAICGGACG|TCIACIGGICAAGT|GG|TGIGT TGAA[TC T|CAfAC(T|c T|T|GG|T|GCC T
00372004.1 GGTTGGCCTAAAT/GGAGCCCAT|GT|CIGAICGGACG|TCACIGGICAAGT|GGT GG T TGAAIT C TICA[AIC|T|C T|TlG GlTjecC T
0Q372009.1 GGTTGGCCTAAAT|GGAGCCCAT(GT|CIGAICGGACG[TCACIGGCAAGT|GG|TGIGT TGaAlTC TIcAfC[TlcT|TlcslTjeccT
0Q372014.1 GGTTGGCCTAAAT|GGAGCCCAT|GT|CIGAICGGACG|TC|ACIGGICAAGT|GGITGIGT TG[AA[T C T|ICAf[C[T|C T|T|GGlT|[GCC T
00372013.1 GGTTGGCCTAAAT/GGAGCCCATIGT/CIGAIC GIGACG|TCACIGGICAAGT|GGITGIG T TGAA|IT C TICA[AIC|TIC T|TlGGTIGCC T
0Q372017.1 sfs aleaasls sfeels sl s s o shersle s sslesls shas o sfsfsia fs|sialels o sieie
0Q372021.1 CGIGACG|TC|ACIGGICAAGT|GG|T GG T TGAA[T C TICAAIC TIGG[T. . . . .
003720280 i & smats 3 w8 sers 8 wske R O [t L [ . il & aaemle sislen Helilam]slenlils 5 v
0Q372022.1 GGTTGGCCTAAATGGAGCCCAT|GT/CIGAIC GGACG|TCJACIGGICAAGT|GGIT GG T TGAA|T C TICAC[T|C T|T|GG|T|GCC T
00371998.1 GG....CCTAAAT/GGAGCCCAC|ET|CIGAICGGACG|TCACIGGICAAGT|GGTGIGT TGA . [TC TICAfRC[TICT[T|GG|T|GCCT
0Q372001.1 GGTTGGCCTAA. .|GGAGCCCAC|ET|ClcAlCGGACG[TCACIGGCAAGT|GGITGIGT TGAA[TC TIcAfC|T|c T|TlGGlTlcccT
00372997.1 GGCTGGCCTAAAT/GIGAGCCCAC|GT|CIGAICGGACG|TCIACIGGICAAGT|GGTGIG T TGAA[T C TICARCTIC T|T|GGlT|GC -
00372012.1 GGCTGGCCTAAAT[GIGAGCCCACETIcIGAlcGGACGTCACIEGCAAGTIGGITGIGT TGAA[T c TicARCTIc TlTlgGlTlcc C

Figure 6.3. Multiple sequence alignment for 28 Physalis accessions based on ITS2 marker.
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0Q507166.
0QR507184.
0Q507180.
0Q507165.
0Q507163.
00507183
00507177
0Q507185.
0Q507154 .
0Q507156.
0Q507167.
0Q507168.
0Q507169.
0Q507181.
0Q507193.
00507195
00507199,
0Q507201.
0Q507192.
0Q507155.
00507160
0Q507161.
0Q507159.
0Q507158 .
0Q507157.
0Q507153.
0Q507171.
0Q507194.

0QS507166.
0Q507184.
0Q507180.
0Q507165.
OQ507163.
00507183
0Q507177.
00507185 .
0Q507154.
0Q507156.
0Q507167.
0Q507168.
0Q507169.
00507181 .
0Q507193.
00507195.
00507199,
00507201
0oQ507192.
0Q507155.
OQ507160.
0Q507161.
00507159
0Q507158.
0Q507157.
00507153 .
0Q507171.
0Q507194.

0Q507166.
00507184 .
0Q507180.
0Q507165.
0Q507163.
0Q507183.
0Q507177.
0Q507185.
0Q507154.
0Q507156.
0Q507167.
0Q507168.
0Q507169.
0Q507181.
00507193 .
0Q507195.
0Q507199.
0Q507201.
00507192,
0Q507155.
0Q507160.
OQ507161.
0Q507159.
00507158,
00507157.
0Q507153.
0Q507171.
00507194 .
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ATGTCACCACAAACAGAGACTAAAGCAAGCTTIGGATCAAGCTGGTGCTTAAAGAGCACAAATIGACTTATTATACTCCTGA
ATGTCACCACARACAGAGACTAARAGCAAGTTTGCATGAAGCTGGTGTTAAAGAGTCCAAATTIGACTTATTATACTCCTGA
ATGTCACCACARACAGAGACTAAAGCAAGTCIGGACCCATCTGGTGTTAAAGAGTACARATIGACTTATTATACTCCTGA
ATGTCACCACAAACAGAGACTAAAGCAAGTTTGGATCAAGCTGGTGTTAAAGAGTACAAATTGACTTATTATACTCCTGA
ATGTCACCACAAACAGAGACTAAAGCAAGCTGGGATCAAGCTGGTGTTAAAGAGTCAAAATTGACTTATTATACTCCTGA
......................................................... AARTTGACTAATTACACTCCTGA
ATGTCACCACAARCAGAGACTAAARGCAAGTATGGCACAATCTGAGCTTAAAGCGTACAAATTIGACTTATTATACTCCTGA
ATGTCACCCCACACAGAAACTAAAGCAAGTTIGGATCAAGCTGGTGTTAAAGAGTACARATIGACTTATTATACTCCTGA
ATGTCACCACAAACAGAAACTAAAGCAAGTTTIGGATCAAGCTGGTGTTAAAGAGTACAAATIGACTTATTATACTCCTGA
ATGTCACCACARACAGAGACTAAAGCAAGTTTGGATAAARACTGATGTTAAAGAGTACARAATTGACTTATTATACTCCTGA
ATGTCACCACAAACAGAGACTAAAGCAAGTTTGGATCATGGTGGTGCTAAAGAGTACAAATTGACTTATTATACTCCTGA
ATGTCACCACAAACAGAGACTAAAGCAAGTTGGGATCAGGCCGGCGCTAAAGCGTACAAATTGACTTATTATACTCCTGA
ATGTICACCACAARCAGAGACTAAAGCAAGTTIGGATCAAGCTGGAGCTAAAGIGTACAAATIGACTTATTATACTCCTGA
ATGTICACCACAAACAGAGACTAAAGCGCTITTITIGGATCAAGCTGGTGTTAAAGAGTACARATIGACTTATTATACTCCTGA
ATGTCACCACAAACAGAGACTAAAGCACATTTIGGATCATGCTGGTGTTAAAGAGTACAARATTIGACTTATTATACTCCTGA
ATGTCACCACARAACAGAGGCTAAAGCAACTTTGGATCAAGCTGGTGTTAAAGAGTACARAATTGACTTATTATACTCCTGA
ATGTCACCACAAARCAGAGACTAAARGCAAGCTTGGATTCAGCTGGTGTTAAAGAGTACAARTTGACTTATTATACTCCTGA
ATGTICACCACAAACAGAGACTAAAGCGAGGTTIGGGACATGCTIGGTGTTAAAGAGTACAARTIGACTTATTATACTCCTGA
. AAATTIGACTTATTATACTCCTGA
. AARATTIGACTTATTATACTCCTGA
JAAATTIGACTTATTATACTCCTGA
AAATTGACTTATTATACTCCTGA
JAAATTGACTTATTATACTCCTGA
AARTTGACTTATTATACTCCTGA
AAATTGACTTATTATACTCCTGA
ARATIGACTTATTATACTCCTGA
ATGTCACCACARAACAGAGACTAAAGCAGATTTIGGGTCAAGCTGGTGTTAAAGAGTACARATTIGACTTATTATACTCCTGA

...................... ATATTGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTHCCACCTGAAGAAGCAGGGG
GTACCAAACCAAGGATACTGA TS Wiiclcfor NefoF % o Jofoled Yeby V. Yol Jolok Job ¥-Nolok felcp Nehy T [ofof Yolo i ch. ¥ Vcp . ¥.Nelob Nefel el
[ Nlol V0.V el o) VN el ch. WP NP MY ATAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTMCCACCTGAAGAAGCAGGGG
GTACCAAACCAAGGATACTGATES Sidelelor Nelor & s ofoled Yelow ¥ Yol dofok Job ¥ Yofoh defep Nehy C[ofo Yoloh g el ¥ .Veb ¥ .Nelob Yelelefe
GTACCAAACCAAGGATACTGATESS S efelop Nefob & o Jofofed Yelob 9. Yol Jofof Job ¥ -Nofol fefep Nehy T [ofoh Yofok Jef. ¥ .V e} . ¥-Nefob Yefefefe
GTACCAAACCAAGGATACTGATLEYW YW elelep Nelop. b b defeled Neb. 9. Yol defol dob . V.-Xelo felep Nepy T [ofof Yofoh gep.V.Neb VN eloF Yelefefe
(e Nolop. V.V Yooy V-Nele) BP AU YA TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTCCACCTGARGAAGCAGGGG
[N Neloh TV Nl VYl DU NP M A TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTMCCACCTGARAGAAGCAGGGG
GTACCAAACCAAGGATACTGA TLR SN clclop Nefob & i fefeled Yeloub V.Y ol fofoh Jop ¥ Nofoh elep . Neby T [ofof Nolok Je).¥.Ve) . V-Nclob Nefelcfe
GTACCAAACCAAGGATACTGA TEWW Sl elelop Nefop ¥ o Jololed Yell 9. Yol Jofol JoF ¥ -Nefok defep Nehy T [ofop Nolok Jey. ¥ Nep W Aeloh Yelelefe
GTACCAAACCAAGGATACTGATLYY . Swyeleley Yeloy. b iy defaier Yoy v.Yoh gofoh dor V. Yolop geley.Yeby T (ofoy Yojo gy v.Ye) V.Y eloy Nelelele
[ehwr-Neloh. V-V Yolop - V-Nelch B Aol MIA TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTCCACCTGAAGAAGCAGGGG
(e N T e P el D NN WA TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTICCACCTGAAGAAGCAGGGG
(e N R o P e D W NN M A TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTICCACCTGAAGAAGCAGGGG
GTACCAAACCAAGGATACTGATLSWE Wi efclop Nefob & b Jofofeh Yeb b V.Yol Jofok Jod ¥ -Nofok fefep . Nehy T [ofoh Nolok Jch. 9.V ey . V.Nefob Yefefcfe
fcpwNelop VP Noley . ViNclch DR ASUReF MV A TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTMCCACCTGAARGAAGCAGGGG
GTACCAAACCAAGGATACTGATE . Wiielclof Nefof § i Jofofe) Yelo V. Yol fofof JoF 7. Yol o feler . Nehy T [ofof Yook JcF.¥. e} ¥.Nelob Yelelc]e
[N -V e VSl WP AN M A TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTIMCCACCTGAAGAAGCAGGGS
(RNl VY Nl VRl el DR A B A TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTHCCACCTGARAGAAGCAGGGG
[y Noloh V.V Yolof V-Nelch DU AU MIA TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTMCCACCTGARAGAAGCAGGGG
GTACCAAACCAAGGATACTGATEYY. S eleleh Nefoh & o dofofch Yeb o9 Vol dofof foF W Vel ok Wefeh - Neby T [ofof Yook Jed.W.Ne) ¥V -Nefob - Yefefef =
GTACCAAACCAAGGATACTGATLY . Siielelor efoh ¥ i dololed Yepy VYol dofok JoF ¥ Nolok felep Nehy T [sfoh Nolok geb.¥.Ve) W Nclob Yelelefe
GTACCAARCCAAGGATACTGA TEW i clclof Nefoh ¥ o fofofe) Yeb i :V.Yol fofoh JoF ¥ Nofod fefep Nehy T [ofod Yolok cF. W .V} . V.Nclob Yefelcfe
GTACCAAACCAAGGATACTGA TS S efclor.NefoF W welofey Yejnp V.Yol Jofoy yob ¥ Yoloh felep Nehy T (ol o Yook gy ¥.Vc) Wclob Nelelefe
GTACCAAACCAAGGATACTGA TLSW . Gidclelop Nefob ¥ b defofed Yeb .V Yol Jolok Job ¥ -Nofok fclcp - Nehy T [sfod Yook dch. ¥ V). ¥ Nelob Yefcl el
(e N VP . e BN WA TAT TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTICCACCTGAAGAAGCAGGGG]
GTACCAAACCAAGGATACTGATESE S efcfof Nefof W b Jofoflch Yepy:V.Yol Jofok Job ¥ -NofohJefep Nehy T [ofod Noloh Jcf ¥ .V} ¥.Nelob Nefelcfe
[y Neloh. V. 0.N el P VNl DO NI WA TAT TGCCACGCATTCCGAGTAACTCCTCAACCTGCGACTCCACCTCAAGAAGCAGGGG
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CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA)
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAAR|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAAR|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA
CCGCGGTAGCTGCCGAATCTTICTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTICTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA]
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTICTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|

CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAAR|

CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAAR|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA|
CCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTATGGACCGATGGACTTACCAGTCTTGATCGTTACAAA]
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0Q507166.
0Q507184.
00507180.
0Q507165.
00507163.
0Q507183.
00507177,
0Q507185.
00507154.
0Q507156.
0Q507167.
0Q507168.
0Q507169.
0Q507181.
0Q507193.
0Q507195.
0Q507199.

0Q507201

0Q507192.
0Q507155.
0Q507160.
00507161.
0Q507159.
0Q507158.
0Q507157.
0Q507153.
00507171.
0Q507194.

0Q507166.
0Q507184.
0Q507180.
0Q507165.
00507163.

00507183

0Q507177.
00507185,
0Q507154 .
00507156
00507167
00507168
0Q507169.
00507181 .
0Q507193.
00507195
00507199
00507201 .
00507192
0Q507155.
0Q507160.
0Q507161.
00507159.
0Q507158.
0Q507157.
0Q507153.
0Q507171.
00507194 .

0Q507166.
00507184 .
0Q507180.
0Q507165.
0Q507163.
00507183 .
0Q507177.
0Q507185.
0Q507154.
0R507156.
0Q507167.

00507168

00507169
0Q507181.
00507193
0Q507195.
00507199
00507201.
00507192
0Q507155.
00507160
0Q507161.
00507159
00507158,
00507157.
0Q507153.
0Q507171.
0Q507194.

R e e e b e b e b R e b e e e e e

T e e b b B B e e
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GGGCGATGCTACCGCATCGAGCGTGTTGTTGEEIGARNAAA[SANWNSIATATATTGETTATETA[STTACCEIMETAGACCTTTT,
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEEGARAAAGAIFISATATATTGET TATETALNET TAC COUNTAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEENGARNAAAGANSIATATAT TGOTTATEITASMTTACCOUNTAGACCTTTT,
GGGCGATGCTACCGCATCGAGCGTGTTGTTGPNGA[HAAALNAWSNATATATTGWT TATITAETTACCOUNTAGACCTTTT
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEEGANAAAEAMSAATATATTGETTATETASTTACCONNTAGACCTTTT)|
GGGCGATGCTACCGCATCGAGCGTGTTGTTGERIGARAAAGAMEIATATATTGOT TATETACETTACCOWNTAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEEAGARNAAAEANSIATATAT TG T TATETAST TAC COSSITAGACCTTTT,|
GGGCGATGCTACCGCATCGAGCGTGTTGT TGEENGAIAAA[SAWSIATATATTGET TATEITACIETTACCOSNTAGACCTTTT
GGGCGATGCTACCGCATCGAGCGTGTTGTTG[eENGARAAA[GANSIATATAT TGO TTATEITASTTACCONNTAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGERNGARIAAACAISIAATATATTGOT TATETAISTTACCONTAGACCTTTT
GGGCGATGCTACCGCATCGAGCGTGTTIGTTGEEIGARAAAGANSIATATATTGOTTATETASSTTACCOMNTAGACCTTTT,
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEENGALAAA(GAWSIATATATTGOT TATETAUTTACCONTAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGENGARAAA[SAWSIATATATTGOT TATETAMETTACCONTAGACCTTTT,
GGGCGATGCTACCGCATCGAGCGTGTTGT TGEEIGAAAA[SAWSIATATATTGET TATETAETTACCOWNTAGACCTTTT
GGGCGATGCTACCGCATCGAGCGTGTTGTTGERNGARAAACAINSAATATATTGOT TATETACISTTACCOUITAGACCTTTT)
GCGGCGATGCTACCGCATCGAGCGTGTTGTTG[FNGARNAAA[GANSNATATATTGOTTATIETAETTACCONNTAGACCTTTT|
GGGCGATGCTACCGCATCGAGCGTGTTIGTTGEENGARIAAAGANSIATATATTGOTTATETAHUTTACCOUITAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEENGARAAA[SAWNSIATATATTGET TATETAETTACCSMNTAGACCTTTT
GGGCGATGCTACCGCATCGAGCGTGTTIGTTGERIGALIAAAGAWSIATATATTGOT TATETACMT TACCOUWITAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEFNGARIAAACAINSNATATATTGET TATETACIMT TACCSUWITAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGT TG[EENGARAAA|EANSAATATATTGOTTATETAGETTACCOUNTAGACCTTTT)|
GGGCGATGCTACCGCATCGAGCGTGTTGTTG[EINGARAAA[EANSNATATATTGET TATETAETTACCONTAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEENGARAAAGANSAATATATTGOT TATETAIMTTACCOUWITAGACCTTTT
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEEIGARNAAACAWNEIATATAT TGO T TATEITASIST TACCOUSITAGACCTTTT,
GGGCGATGCTACCGCATCGAGCGTGTTGCTTGERIGALIAAAGAWSIATATATTGOT TATETACIMTTACCSUWITAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEENGARAAA(EANMAATATATTGET TATETASETTACCOUNTAGACCTTTT)
GGGCGATGCTACCGCATCGAGCGTGTTGT TG[ERNGARAAA|GANSNATATATTGOTTAT[ETAETTACCOUMTAGACCTTTT)|
GGGCGATGCTACCGCATCGAGCGTGTTGTTGEENGARAAACAMSNATATATTGETTATIETARISTTACCOINTAGACCTTTT

220 230 240 250 260 270 280 250

TERVAAEARGG THC CEREYE CREVAC ALVEFYE AT TRICR TEEVIA GENARNG TAT T TRGEHET TAAAGCCCEGCGCGC T CIEC[ET C
TEHAAIA[GGGT S TTAAMCCAIATGTT TENCRNCIETRT G TEXeG GEIA T{ep @ NlwiGle G T pid.P.V.Velolols T [clefefolcfel fsi T 2 (s T e
TEAAEARGGT (MGTTAMCACOIACGT T TENCURNCIO T T G TENEG GEVA T[ER g NG e TTAAAGCCCHGCGCGCTCRgACIET C
R CLENGE A eleby TIo G TAAMC AASINTGT T TRICRCSIAMT A GLYEA TEIA T (el Nk G4 TTAAAGCCCHGCGCGCTCICIYT C
TEAACAGG T[HC Clelep@lCloFNelC APy A (6T T O C TINeRIA Gle ARG TAT TTEGEMT TAAAGCCCNGCGCGCT CP@ACIYT C
TEAAEANGG TRC C el Cor:YeC A e ANT T6C W TINeRIA G ARMIGTATTTEHGUNT TAAAGCCCGCGCGCTClCI8T C|
TEAAGARGG TR C Ce@glCloFWAC Apepiiy AMT T o CIITINepiA GleBIALSMIG TAT T TG T TAAAGCCCHGCGCGCT Cp@AC(T C

TEAAGARNGG T (MGTTAMBCAAINTGT T TRICRRYCHAMT G TENEG TEVA Tk S GeC T g V. V.Y clolols T (clelclofclol dsi T 2 oG idy
TEAAEAINGG T MCTTAMCAAIATGT T TEICRRNCISARIT G TENEC TEIA T[ERE SN G (d TTAAAGCCCHWGCGCGCTCHEACIHT C
TEAAAINGG T MGTTAMCAAINTGT T TRICRRNC(EAMT G TENEG TEIA T[chl:-Nidi G TTAAAGCCCHWGCGCGCTCRIC[HT C

TEAAGANGGT) (S GTTAMCAA[IATGT T TIICERYCI®AMT G TENEG TEA T[Shl Ny G g TTAAAGCCCHWGCGCGCTCpeAC[HT C
THAAGARNGGT) MGTTAMCAAMNTGTT TRICRRYCIHAMT G TENEG TEA T[ch@:-Nali Ge G Tl V.Y clofolel T (cfedclofcloh dei T 2 (6 Gide
TEAACAIGG TP C ClepuwlC ol VAC ApucpiwWy AT T o CEIT INeRYA GlEPN ALBIGTAT T TEGEMT TAAAGCCCGCGCGC T CpAClel T C|
TEAAMARGG TRC C eI C[oRFIC ApNebmWIAET T 6 CEITINeRYA GE AEMIGTATTT§G[ENT TAAAGCCCGCGCGC T CEIC[YT C|
TEAACGAINGG THC el C o WAC Aplebiiy AT ToCHT iRy A Glep ARSIGTAT T T(GleMdT TAAAGCCCWGCGCGCT CpwACIeT C|
TEAAGARGG THC ClelmlCo:WAC ApleBiyAST T 6 CENT iMeRy A Gl ALSIGTAT T TG T TAAAGCCCGCGCGC T CplClgT C|
TEAAGARNGG TR C Clelwwl CloWAC Aplchiiy AT ToCENT NeRy A Gl AESIGTAT T TG T TAAAGCCCHGCGCGC T CpwlCleT C|

Clepuupt CleFWAC A plepiuii A [MT TS CEITINERIA Glepi ARMIC TAT T TGN T TAAAGCCCIGCGCGC T CpCI8T C|
Clepw I C o WAC A pebiy AN T T O CEITINeRY A GleM AESMIGTAT T T(QGEMT TAAAGCCCGCGCGC T CiCIeT C|
ClepACloRWAC A piebiWyA[ST T O CEITIMeRYA GeEM ALSIGTAT T T([HG[EMT TAAAGCCCGCGCGC T CRAC[¢T C|
MGTTAMCAAINTGT T TICRRYCI®ANMT G TEYEG TEAA T ek Ny G

GTTAMCAAIATGT T TRICRRNC(SAWT G TENEG TEVA T[N Gid
TEAACGARNGG TR C ClelwwC oW C ApNchiy AN T T o CENT iRy A Gl ARSIGTAT T TGl T TAAAGCCCGCGCGC T CpwAC[eT C|
TEAAEARGG TR C CERul CIePVAC A Rl A ST TS C I T INeRA GlEIARMIGTAT TTEGET TAAAGCCCHIGCGCGC T CRiCI8T C
TEAAGARNGG TRC CleWwAC o WIC AplebWiAET T W CEIT iMeRy A Gl ALMIGTAT T TG T TAAAGCCCGCGCGC T CplC[eT C|
(MGTTAMCAAIATGT T TEICPRYCSAMT G TENEG TEIA T [l Wil G ¢
[MGTTAMCAAMINTGT T TRICRRNCISIARNT G TENEG TEVA T[ch@ Nl Gid
C ClepWW\ CoFWNC APy A(ST T(oC VT INeRyA G ALBIC TAT T THGIEMT TAAAGCCCWGCGCGC T CRWACIHT C|
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[GGAAGATCTGCEGAINCCMTCTTGCTTATEATTAAA[GCTT TC ARG GCCGCCTCAT[EG G ApNolerV-NchilerV.V-VNecp Ve ) Wy V:-N
[CGAAGATCTGCEEIAWCCMTGTTGCTTATHTTAAARCT T TMC ARG GECCGCCTCATEG G ApNoRY.Neh il e V.V Nep . VeF Wy V.V
BNGGAAGATCTGCERIANWCCIMTGTTGCTTATEIATTAAARCT TT®CACGGCCGCCTCAT[EGGAololor V. ehie). V9.0 . Rehyep ey V:V:\
BGGAAGATCTGCOINAWCCIETGTTGCTTAT[HTTAAARCT T TRCA[EGGIC CGCC T C A T[e]G G A |,
BGGAAGATCTGCR\AWCCIMTGTTGCTTAT[TTAAARCTT T@®CA[GGCCGCCTCAT[HG G Alclolor:¥:Yehgich:V:.¥:Ycp:Ney Vel V:9:Y
BGCGAAGATCTGCINAWCCMTGTTGCTTATHT TAAARCT TT®CAEGCGWC CGCCTCAT[HGG AlvioloF:V-Nehiaeh.V:V:-Vel Vep.Ne b V.V
BGGAAGATCTGCERIANCCIMTGTTGCTTATEATTAAARCT T TMCANMGGCCGCCTCAT[EGGANoIoRV Nk el V.V . Vep Yo iy v:-)
BGGAAGATCTGCEENAWCCMTGTTGCTTATHTTAAARCTT TMCAMGGHWCCGCCTCAT[EGGANV.Nel el V.V Tep . Vep. Wy . V.V
BGGAAGATCTGCERIAWCCMTGTTGCTTATETTAAARCT TTECARGGCCGCCTCATIEG G ApNsarV.Neygiek V.V Vep Vep Wy v--N
WGGAAGATCTGCEINAWCCMTGTTGCTTATINT TAAARNCT T T®MC ARG GMCCGCCTCATEG G ANorV ek ilel V.V 50 . Ver. U V.9:Y
IGGAAGATCTGCERIAWCCIMTGTTGCTTATIAT TAAAICT T T®CAMGGCCGCCTCAT[YG G ApNoiorV:Nch el V:.Ycp Ney ey v:9:%
BNGGAAGATCTGCEMIANWCCIMTGTTGCTTATIATTAAARCT T T®CAMGGCCGCCTCATEG G ApNoier Vel pich V.V, Ycp Ny W v.9:4
BGGAAGATCTGCERIANCCIMTGTTGCTTATIATTAAARCT T TMCAMGGWCCGCCTCATEGG AoV Vel el V.0 Yep Yep Wiy V.1
PWGGAAGATCTGCERIAWCCMTGTTGCTTATIAT TAAARCT TT®C ARG GCCGCCTCAT[EG G ApNsierV-Ncy gier V.V Ry V) Wy V:y-N
BMGGAAGATCTGCER\ANWCCMTGTTGCTTATEATTAAARCTTTMCARGGHECCGCCTCAT[EHGG AR Yeh ek V.V Nep Ver Wy WV
WGGAAGATCTGCEINAWCCMTGTTGCTTATIAT TAAARCT T T®MCAIG GMCCGCCTCATEG G AINUF VNSl .YV Ny Ny .Uy . V:V:Y
BGGAAGATCTGCEEMIANWCCIMTGTTGCTTATIATTAAARCTT T®CANGGCCGCCTCAT[HG G ApoiorVeh ey V.0 Ycp Yoy Wy 9.9:4
PNIGGAARGATCTGCEPIAWCCIMTGTTGCTTATINT TAAARCT T T®CAMGGICCGCCTCA T[EG G ApNeier Vel picy V.. Ycp Ney Wy v:9:4
WGGAAGATCTGCERIAWCCIMTGTTGCTTATIATTAAARCT T TOCANG GCCGCCTCAT[EG G ApNoorv.Yehgcky.v.Vep Vel W v.9-Y
BGGAAGATCTGCEENANCCMTGTTGCTTATENTTAAARCT T TMCAIGGCCGCCTCAT[EGG AN eh el V.0 Ly Ver W vy}
IGGAAGATCTGCEENAWCCMTGTTGCTTATEATTAAARCTTTMC ARNGGICCGCCTCAT[EGGApNoiorVNch icrV V.Y -Yer Wy V.V
BGGAAGATCTGCEINAWCCMTGTTGCTTATEAT TAAARCT T TOCAMG GHCCGCCTCATEG G ApNooFVNehilel V.V .Yy Yy W . V::1
IGGAAGATCTGCEBIAWCCIMTGTTGCTTATIATTAAARCT T T®CARGGMCCGCCTCAT[EG G Apioior:¥:Ychuch V.0 Ych Vey . v:9:1
TlelerV.Xep Yool yelel G ALY T (ofe] C el o fefoy vl By 2 o F W, V1 7 (o i i C (o V 1\ [effe] T [ofefeefol JoF MY G eIV TCCAAGT IGAARGAGATAAA
BGGAAGATCTGCEEAAWCCMTGTTGCTTATEATTAAARCT TT@®C ARG GEWCCGCCTCAT[EGGApNoor Vel el V.V Nep Yer W V9.1
BGGAAGATCTGCERNANWCCMTGTTGCTTATERITTAAARCTTTOCARGGECCGCCTCAT[EGGApusiorV:Yeh el V.V Yeh YeF Wy V.V
BGGAAGATCTGCERIAWCCMTGTTGCTTATEAT TAAARCT TTMC ARG GCCGCCTCAT[EG G Apsior.V.NehglerV.0.Yep. Ver . v.9-1
IWGGAAGATCTGCIINAWCCMTGTTGCTTATE\TTAAARCT TTMC AKGGCCGCCTC A TG G ApieloF:V:Neh el V.V:5¢) Ny . Wy V:V:Y
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OD507166.1 TTGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTAITAAACCTAAATIGGGGTTATCTGCTAAAAACCICGGTAGAGC
OQ507184.1 TTIGAACAATTATGGCCGTCCCCIGTIGGGGTGTACTATITAAACCTAAATIGGGTTTATCTGCTAAATACGAGAGTATTGC
0Q507180.1 TTIGAACAGATGIGGTCGCGCCCIGTITGGGGTGTACTATTARACCTAAATIGGGGTTICTGIGCTAARARCTACGAGAGTGC
Lo L o e
0Q507163.1 TTGAACAAGTGGCGTCGTCCCCIGTTGGGGTGTACTATTAACCTTAAATIGGGGTTATCTGTTAAARAATACGGTAGAGT
OP507183.1 TTGAACAAGTATGGCCGGCCCCIGTTIGGGATGTACTATTAARACCTARATIGGGGTTATCTGCTAAAAACTACGAGAGAGT
OPS507177.1 TTGAACAAGTATGGTCGTCCCCTIGTTGGGATGTTCTAT TARARCT TTTAT IGGGGT TR . v v v it et e et et e e e s e e n
0Q507185.1 TTIGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTATITAAACCTAAATIGGGGTTATCTGCTAAARACTACGGTAGAGC
00507154.1 TTIGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTATITAARACCTAAATIGGGGTTATCTGCTAAARAACTACGGTAGAGC
O0Q507156.1 TTIGAACAAGTATGGTCGTCCCCIGTTIGGGATGTACTATTAAACCTAAATIGGGGTTATCTGCTAAARAACTACGGTAGAGC
0Q507167.1 TTGAACAAGTATGGTCGTCCCCIGTTGGGATGTACTATTAARACCTAAATIGGGGTTATCTGCTAAARRACTACGGTAGAGC
0Q507168.1 TTGAACAAGTATGGTCGTCCCCTIGTTGGGATGTACTATTAAACCTAAATTIGGGGTTATCTGCTAAAAACTACGGTAGAGC
O0Q507169.1 TTGAACAAGTATGGTCGTCCCCIGTTGGGATGTACTATTAAACCTAAATIGGGGTTATCTGCTAAARAACTACGGTAGAGC
OQ507181.1 TTIGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTAITAAACCTAAATIGGGGTTATCTGCTAAARAACTACGGTAGAGC
0Q507193.1 TTIGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTATITARACCTAAATIGGGGTTATCTGCTAARAACTACGGTAGAGC
0Q507195.1 TTIGAACAAGTATGGTCGICCCCIGITIGGGATGIACTAITAAACCTAAATIGGGGTTIATCIGCTAAARAAACTACGGTAGAGC
0Q507199.1 TTGRAACAAGTATGGTCGTCCCCTGTTGGGATGTACTATTAAACCTAAATTIGGGGTTATCTGCTAAARAACTACGGTAGAGC
0Q507201.1 TTGAACAAGTATGGTCGTCCCCIGTTGGGATGTACTATTAARACCTAAATIGGGGTTATCTGCTAAAARACTACGGTAGAGC
0Q507192.1 TIGAACAAGTATGGTCGTCCCCIGTTGGGATGTACTATTAAACCTAAATIGGGGTTATCTGCTAARAACTACGGTAGAGC
OR507155.1 TIGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTATITAAACCTAAATIGGGGTTATCTGCTAAAARACTACGGTAGAGC
0Q507160.1 TTGAACAAGTATGGTCGTCCCCIGTTGGGATGTACTATTARACCTAAATIGGGGTTATCTGCTAARRACTACGGTAGAGC
00507161.1 TTIGAACAAGTATGGTCGTICCCCIGTIGGGATGTACTAITARACCTAAATIGGGGTTATCTGCTAAAAACTACGGTAGAGC
0p507159.1 TTGAACAAGTATGGTCGTCCCCIGTTGGGATGTACTATTAAACCTAAATTIGGGGTTATCTGCTAAARACTACGGTAGAGC
OQ507158.1 TTGAACAAGTATGGTCGTCCCCIGTTIGGGATGTACTATITAAACCTAAATIGGGGTTATCTGCTAAAAACTACGGTAGAGC
O0p507157.1 TTGAACAAGTATGGTCGTCCCCIGTTIGGGATGTACTATTAAACCTAAATIGGGGTTATCTGCTAAARAACTACGGTAGAGC
OQ507153.1 TIGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTATITAARACCTAAATIGGGGTTATCTGCTAAAAACTACGGTAGAGC
0Q507171.1 TTGAACAAGTATGGTCGTCCCCIGTIGGGATGTACTAITAAACCTAAATIGGGGTTATCTGCTAARAACTACGGTAGAGC
0Q507194.1 TTIGAACAAGTATGGTCGTCCCCIGTTIGGGATGTACTATTAARACCTAAATIGGGGTTATCTGCTAARAACTACGGTAGAGC

460 470 480 490 500 510
00507166.1 TGTTTATGAATGTCTTICGCGGTGTGGTTGATTITTCCCARAGATGATGAGARCGTG . o v v v v v e .. Jo 0,
OQ507184.1 TGTTITACGAATGTITACGCGGTGGARACTGATITTACCARATTTGCTGAGAACGTTCTCTTGCAACCT|ITTAGRAGTTIGGC
OR507180.1 TATITATGGAIGICTCCGCGGTGGGATTIGATITTIACCAARTIGTGAGAAGAACITGAACTICACCACCT|IITTI|GCIGICGTIIGGA
OQ50TLE5.1 ... ..t U, B P PR N
0Q507163.1 TGTTIGATGAAIGTICTCCGCGGTGGGATTGATITTACCARAGATGATGAGAARCGCGGACTCCCAACCA|TTTIACIGTGTIGGA
O0Q507183.1 TGTTTATGGATGTCTCCGCGGTGGATTTGATTTTACCAARAGACAATGAGARACTGAACTCACAACCAICTTITTIGICGTTGGA
O0Q507177.1 - oo v o]s s]efefs b e e
0Q507185.1 TGTTTATGAATIGTCTICGCGGTGGACTTGATITTACCARAGATGATGAGAACGTGAACTCACAACCA|ITTATGICGTITIGGA
OQ507154.1 TGTTTATGAAIGTICTICGCGGTGGACTTGATITTACCAAAGATGATGAGAACGTGAACTCACAACCATTTATIGCGTIGGA
0Q507156.1 TGTTIATGAAIGTICTICGCGGTGGACTTGATITTACCAAAGATGATGAGARCGTGAACTCACARCCA|ITIATIGCGTIGGA
00507167.1 TGTTIATGAAIGTICTTICGCGGTGGAICTTGATTITTACCAAAGATGATGAGAACGTGAACTCACAACCAIITTIATIGICGTIGGA
00507168.1 TGTITATGAAIGTICTICGCGGTGGAICTTGATITTACCARARGATGATGAGAACGTGAACTCACAACCA|IITTATIGICGTITIGGA
OQ507169.1 TGTTTATGAATGTICTICGCGGTGGACTTGATITTACCARAGATGATGAGAACGTGAACTCACAACCA|ITTAT[GICGTITIGGA
0Q507181.1 TGTTTATGAATGTCTTCGCGGTGGACTTGATTTTACCARAGATGATGAGAACGTGAACTCACAACC/AITTTIATIGICGTTGGA
0Q507193.1 TGTITATGAAIGTICTICGCGGTGGACTTIGATITTIACCAAAGATGATGAGAACGTGAACTCACAACCA|ITIAT[GCGTIGEA
0Q507195.1 TGTTITATGAAIGTICTICGCGGTGGAICTTGATITTACCARAGATGATGAGARCGTGAACTCACAACCA|IITTATIGICGTTIGGA
0Q507199.1 TGTTTATGAAIGTICTTICGCGGTGGAICTTGATITTACCAARAGATGATGAGAACGTGAACTCACAACCA|TITIIATIGCGTIIGGA
00507201.1 TGTTTATGAATGTCTTICGCGGTGGACTTGATTTTACCARAGATGATGAGAACGTGAACTCACAACCA|TTTAT[GICGTTIGGA
O0Q507192.1 TGTITATGAATIGTCTTICGCGGTGGAICTTGATITTACCARAGATGATGAGARCGTGAACTCAAA .. « of]o v oo of|ele v v v v
O0Q507155.1 TGTTIATGAATGTCTTIC........ I A e ol P PR PR
OQ507160.1 TGTTIATGAAIGTICTICGCGGTGGACTTIGATITTACCAARA P Y I N O
0Q507161.1 TGTTITATGAAIGICTICGCGGTGGA[CTTGATITTACCAAAGATGATGAGAARCGTGAACTCACAACCA|ITIATIGICGTIIGGA
0Q507159.1 TGTTTATGAAIGTICTICGCGGTGGAICTTGATITTACCARAGATGATGAGARCGTGAACTCACAACCA|TTTATIGCGTIGGA
00Q507158.1 TGTTTATGAATGTCTTCGCGGTGGAC/TTGATTTTACCARAGATGATGAGAACGTGAACTCACAACCA|TTTATGICGTTGGA
0Q507157.1 TGTITATGAATGTCTICGCGGTGGACTTGATTITTACCARAGATGATGAGARCGTGAACTCACAACCA|TTIATIGICGTTIGEA
0Q507153.1 TGTTTATGAATIGTICTICGCGGTGGACTTGATITTACCARAGATGATGAGAACGTGAACTCACAACCA|ITTAT[GICGTITIGGA
OQ507171.1 TGTTITATGAAIGTICTICGCGGTGGACTTGATITIICCAAAGATGATGAGAACGTGAACTCACAACCA|ITTATIGCTIIGGA
OQ507194.1 TGTTTATGAATGTCTTCGC s v w v v afule oo v o v v n o i oo uoiaeanunneensaseesnasssenaaleodofdiiennn

00507166.1 .. .. ... ... e e e e e e e
0Q507184.1 GAGAACATTTCTATTTITTGTATGGAAGCACTITATAARAGCACAGGCTGAAATIGGTARAATAAGGTTACTGATTICG
OQ507180.1 GAGATCGITTCCGCTTITGGCGCCGAARCATT|ITATAAAGGTCAGGAGGAARCAAGGGAARATAAGA . . o v v v e
OQ507165.1 . .......... ] e e e
0Q507163.1 GAGATCGITTCGTICTCTITGIGCCGAAGCACC|ITATAAAGCACAGGTTIGGAACAGGTGGAATAGGGTTACTGATTCG
0Q507183.1 GAGATCGITTCGTICTITTAIGCCGAAGCAGT|ITATAAAGCACAGGCTGAAAGAGGTGAAARTARGGTTACTGATICG
oQ507177.1 ... ... . ... . N N T o TS P S T S
OQ507185.1 GAGATCGITTCGTCTTITTGTIGCCGAAGCACT|TTATARAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATTCG
0Q507154.1 GAGATCGITTCGICTITITGIGCCGAAGCACTITATARAGCACAGGCTGAARCAGGTGAARATAAGGTTACTGATICG
OQ507156.1 GAGATICGITTCGTICTITITGIGCCGAAGCACT|ITATARAGCACAGGCTIGAAACAGGTGAAATAAGGTTACTGATICG
0Q507167.1 GAGATCGITTCGTICTITTGIGCCGAAGCACT|ITATAAAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATTCG
0Q507168.1 GAGATCGITTCGTICTITTGIGCCGAAGCACT|ITATAAAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATTICG
0Q507169.1 GAGATCGITTCGTCTTTTGTIGCCGAAGCACT|ITATAAAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATTCG
0Q507181.1 GAGAICGITTCGTCTITTGIGCCGAAGCACT|ITATARAGCACAGGCTGAARCAGGTGAAATAAGGTTACTGATICG
0Q507193.1 GAGATCGITTCGTICTITTGIGCCGAAGCACTITATARAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATTICG
0Q507195.1 GAGATICGITTCGTICTITTGIGCCGAAGCACT|ITATARAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATICG
0Q507199.1 GAGATCGITTCGICTITTGIGCCGAAGCACT|ITATAAAGCACAGGCTGAARCAGGTGAAATAACGTTACTGATTCG
0Q507201.1 GAGATCGITTCGTCTTITTGIGCCGAAGCACT|ITATAAAGCACAGGCTGAAACAGGTGAAATAAGGTTACTGATTCG
OQS0TL92.1 . ... e e e e e e e
0Q50T155.1 .. ......... ..

0P507160.1 .. ......... T O I I

OQ507161.1 GAGATCGITTCGTCTITTGIG. - . . . .

0Q507159.1 GAGATCGITTCGTCTTITGIGCCGAAG

0Q507158.1 GAGATCGITTCGICTITTGIGCCGAAG

0Q507157.1 GAGATCGTITTCGTCTTTTGTGCCGARAG

0Q507153.1 GAGATCGTTTCGTCTTTTGTGCCGAAG

OQ507171.1 GAGATICGGTTCGTICTITTGIGCCCAAACACTITATAAAGTACAGGCTGAARCAG . - o vttt ittt e s e e e e
OQ507194.1 .. ......... el . FE S

Figure 6.4. Multiple sequence alignment for 28 Physalis accessions based on rbcL markers.
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6.3.4 Species discrimnation of Physalis species based on phylogenetic analysis

A phylogenetic tree constructed using combined ITS2 and rbcL sequences yielded two major
clusters from the BI phylogeny that were robust with 100% posterior probability values (Figure
6.5), with each of the clusters separated based on the 1TS2 and rbcL nucleotide data matrix. The
combination of the two genes on the same phylogenetic tree gave a clear perspective on the
Physalis species discrimination efficiency of each gene. Species discrimination was only
possible with the ITS2 marker, while the discriminatory power of rbcL was low and inefficient.
The rbcL region showed the lowest level of genetic differentiation, with the species samples P.
minima, P. peruviana, P. angulata and P. virginiana forming a distinct cluster (Figure 6.5). The
nucleotide data matrix from rbcL reflects the close genetic relationships of these species (Figure
6.5). The nucleotide data matrix of ITS2 splits the Physalis accessions into three clades
representing three Physalis species, namely, P. cordata (0Q5372012.1, 0Q371998.1,
0Q372001.1 and 0Q371998.1), P. peruviana (0Q372016.1 and 0OQ372008.1) and P. purpurea
(0Q371996.1, 0Q372003.1, 0Q372004.1, 0Q372005.1, 0©Q372007.1, 0©Q372009.1,
0Q372013.1, 0Q372014.1, 0Q372015.1, 0Q372017.1, 0Q372018.1- 0Q372029) (Figure 6.5).

The clades formed by the ITS2 sequences show longer branch lengths among the P. peruviana
species, with a posterior probability percentage of 94. The P. cordata species is associated with
moderate branch lengths on the phylogenetic tree, with a posterior probability percentage of 89.
The shortest branch lengths among the ITS2 sequences on the phylogenetic tree are those

associated with P. purpurea, with a posterior probability percentage of 66.
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Physalis cordara voucher nor3i (0Q372012.1)
Physalis cordata voucher elini (OQ371998.1)
Physalis cordata voucher e4ini (0Q372001.1)
Iﬁ—P.I'r,\'.vm’f‘v cordata voucher C51(0Q371997.1)
o3 Physalis cordata isolate PCORD (AY665886.1)
Physalis cordata vouchchORD:Knbﬂ) 10557 (MH763728.1)
Physalis minimaculata isolate PMINIMACH26 (AY665905.1)
Physalis peruviana voucher TK9i (0Q372016.1)
Physalis peruviana voucher ny5i (0Q372008.1)
Physalis peruviana isolate PPRV (AY665914.1)
Physalis microcarpa isolate PMICROC (AY665903.1)
Physalis aff. philadelphica isolate PAFFPH (AY665868.1)
Physalis purpurea voucher CORD:Barboza 3657 (MH763740.1)
Physalis purpurea voucher T4i (0Q372018.1)
89 physalis purpurea voucher TK8i (0Q372015.1)
Physalis purpurea voucher hb2i (0Q372009.1)
Physalis purpurea voucher nor5i (0Q372014.1)
Physalis purpurea voucher nordi (0Q372013.1)
o Physalis purpurea voucher L9i (0Q372028.1)
Physalis purpurea voucher e6ini (0Q372003.1)
Physalis purpurea voucher T9i (0Q372019.1)
Physalis purpurea voucher DMi (0Q372007.1)
esl Physalis purpurea voucher e7ini (0Q372004.1) .
Physalis purpurea voucher gmi (0Q372005.1)
| Physalis purpurea voucher T111 (0Q372020.1)
I Physalis purpurea voucher C2i (0Q371996.1)
Physalis purpurea voucher T2i (0Q372017.1)
[~ Physalis purpurea voucher L51 (0Q372024.1)
100 Physalis purpurea voucher L31 (0Q372022.1)
Physalis purpurea voucher L2i (0Q372021.1)
Physalis purpurea voucher L61 (0Q372025.1) .
.m_Ph}:.\'a[r_\' purpurea voucher L7i (0Q372026.1)
(BT Pl i s 8003720771
e — i rpurea A iy : Physalis peruviana voucher C2r (0Q507163.1)
‘Physalis purpurea voucher L4i (0Q372023.1) ss&ymlfs peruviana voucher nor3r (OQS07183.1)
Physalis virginiana voucher nordr (0Q507184.1)
7 Physalis minima voucher L3r (0Q507154.1)
Physalis minima voucher L5r (0Q507156.1)
- b——Physalis minima voucher elinr (0Q507166.1)
p=—— Physalis angulata voucher ny5r (OQ507180.1)
— Physalis virginiana voucher C5r (OQ307165.1)
|- Physalis minima voucher DMr (OQ507177.1)
Physalis virginiana voucher Aust 157 (KT178121.1)
Physalis minima voucher T2r (0Q507194.1)
Physalis minima voucher GMr (0Q507171.1)
[ Physalis peruviana voucher nor5r (0Q507185.1)
Physalis peruviana (NC026570.1)
Physalis minima voucher edinr (0Q507167.1)
Physalis minima voucher ¢6inr (OQ507168.1)
Physalis minima voucher ¢7inr (0Q507169.1)
Physalis minima voucher hb2r (0Q507181.1)
100} Physalis minima voucher TK8r (0Q507192.1)
I Physalis minima voucher TK9r (0Q507193.1)
k- Physalis minima voucher T4r (0Q507195.1)
b Physalis minima voucher T9r (0Q507199.1)
Physalis minima voucher T11r (0Q507201.1)
Physalis anﬁm[am (NC039457.1)
Physalis phi ade.’phicaéNCO?O}ﬁtt.l)
Physalis pubescens (NC048514.1)
Physalis minima (NC048515.1
Physalis minima voucher L2r (0OQ507153.1
Physalis minima voucher Ldr (0Q507155.1
Physalis minima voucher Lé6r (0Q507157.1
1
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59191
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)
)
Physalis minima voucher L7r (OQ507158.1)

Physalis minima voucher L8r 508507 159.
0.2 Physalis minima voucher L9r (OQ507160.
. Physalis minima voucher L10r (OQ507161.1)

Figure 6.5. Consensus Phylogenetic tree prepared by MrBayes for Physalis accessions based on
a combination of ITS2 and rbcL DNA barcodes

1
1
1

Black represents different Physalis species reference sequences retrieved from GenBank after
BLASTnN analysis, green represents P. cordata, plum represents P. peruviana, blue represents P.
purpurea, teal represents P. virginiana, purple represents P. angulata and orange represents P.
minima. Numbers above branches indicate the posterior probability percentage statistic for the
MrBayes phylogenetic tree. The length of the branches indicates the genetic divergence of the

Physalis accessions as compared to their counterparts.
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6.3.5 Genetic divergence analysis between and within Physalis species based on ITS2
sequences

The ITS2 sequence was the only barcode that could be used to differentiate the accessions into
Physalis species which is necessary for interspecific genetic divergence analysis (Figure 6.5).
The rbcL genes could not discriminate Physalis species and hence it was impossible to assess for

interspecific genetic divergence based on this gene (Figure 6.5).

6.3.5.1 DNA divergence between populations based on ITS2 sequences

Varying shared mutations were observed between the Physalis populations (Table 6.5). The
nucleotide diversity was highest (0.33208) between P. peruviana and P. cordata and the lowest
(0.14821) between P. cordata and P. purpurea. The average number of nucleotide substitutions
per site between populations ranged from 0.24621 to 0.38915. The number of net nucleotide
substitutions per site between nucleotides ranged from 0.01299 to 0.12343 (Table 6.5). The total
number of fixed (base) differences between populations was: six for P. peruviana and P.
cordata, one for P. peruviana and P. purpurea, and zero for P. cordata and P. purpurea (Table
6.5). The number of fixed differences was determined from the total polymorphic sites between
populations, and it was observed that the higher the number of polymorphic differences between

populations was, the higher the fixed difference would be, and vice versa (Table 6.5).
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Table 6.5. DNA divergence between (interspecific) Physalis species populations based on ITS2 sequences.

P.

Population ) P. cordata (P2) [P. peruviana (P1) |P. purpurea (P2) |P. purpurea (P1)P. cordata (P2)
peruviana (P1)
Polymorphic sites in each population 14 21 12 18 2 4
Total number of polymorphic sites 35 23 4
IAverage number of nucleotide differences 17.600 6.351 0.889
Nucleotide diversity Pi (t) 0.33208 0.18147 0.14821
Number of fixed differences 6 1 0
Polymorphic mutations in population 1 (P1
ymorp ! . pop ! (P1) 13 10 )
but monomorphic ones in population 2 (P2)
Polymorphic mutations in P2 but monomorphic
) 28 22 1
ones in P1
Shared mutations 1 2 2
Average number of nucleotide differences
_ 20.625 10.158 1.477
between populations
Average nucleotide substitution per site
_ 0.38915 0.29026 0.24621
between populations (Dxy)
Number of net nucleotide substitutions per site
0.12343 0.03881 0.01299

between populations (Da)
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6.3.5.2 DNA Divergence within Populations Based on ITS2 Sequences

DNA divergence within each Physalis species was assessed using ITS2 sequences by
determining the number of polymorphic (segregating) sites (S), the nucleotide diversity and the
total number of substitutions (Table 6.6). The rbcL marker was not able to facilitate species
discrimination and hence the analysis for genetic divergence was only performed on the ITS 2
gene sequences. The nucleotide diversity was highest (0.31250) and lowest (0.14898) within P.
peruviana and P. purpurea, respectively (Table 6.6). The highest (101) and the lowest (26) total
numbers of nucleotide substitutions were observed in P. cordata and P. purpurea, respectively.
The numbers of polymorphic segregating sites were highest (83) and lowest (20) within P.

cordata and P. purpurea, respectively (Table 6.6).

Table 6.6. Polymorphism and divergence within (intraspecific) Physalis species based on 1TS2

sequences.
Physalis Species P. peruviana |P. cordata P. purpurea
Total number of sequences 2 4 22

Number of polymorphic (segregatin

e polymorphic (segreg 9)70 - 50
Nucleotide diversity Pi (Total) 0.31250 0.18095 0.14898
Nucleotide diversity Pi (JC-Total) 0.40425 0.20708 0.16609
Theta (Total) 0.31250 0.19675 0.17396
Total number of substitutions 70 101 26

6.3.6. Genetic distance between and within Physalis species based on ITS2 and rbcL
sequences

The average inter-specific distance between Physalis species was determined based on the ITS2
gene sequences only because the rbcL marker was not able to facilitate species discrimination.
The analysis showed that the highest mean genetic distance (1589.41) was between P. purpurea
and P. cordata (Table 6.7). The lowest mean genetic distance (9.53) was between P. cordata and

P. peruviana (Table 6.7).
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Table 6.7. Mean genetic distance between (interspecific) Physalis species based on ITS2

sequences.

Groups P. purpurea P. peruviana P. cordata
P. purpurea 198.92 1589.41
P. peruviana 0.58 357.92

P. cordata 21.99 9.53

The average intra-specific distance within Physalis species was determined based on ITS2
sequences. The highest mean intraspecific distance was noted for P. purpurea (9.98 + 12.73),
followed by P. peruviana (1.31 + 0.46), while the lowest mean intraspecific distance (0.72 +
0.13) was recorded for P. cordata. The divergence was higher within P. purpurea and lowest
within P. cordata. The average intraspecific distance within Physalis accessions was also
determined based on rbcL sequences. The intraspecific distance within Physalis species based on
rbcL sequences was 0.03 + 0.00.

6.3.7. Nucleotide Polymorphism

In total, 4 segregation sites (S) were identified within the ITS2 sequences, while 59 segregation
sites were identified within the rbcL gene sequences (Table 6.8). The nucleotide diversity (Pi) of
ITS2 sequences was 0.15917, which is higher than that of rbcL sequences (0.01632) (Table 6.8).
For the ITS2 sequences, the four polymorphic sites identified had 1 singleton and 3 parsimony
informative bases, while the rbcL sequences had 48 singletons and 11 parsimony informative
sites (Table 6.8).
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Table 6.8. DNA polymorphism of Physalis accessions based on ITS2 and rbcL sequences.

ITS2 rbcL
o ) ) Position in| S )
Polymorphic Sites/Segregation Sites (S) |4 Variants 59 |Positions in the Gene \Variants
the Gene
141,272,273,276,280,283,284,293,298, 2

301,308,309,310,322,325,327,331,334,
335,337,339,340,345,346,347,348,350,
353,357,365,366,373,375,376,386,395,

Singleton 1 177 2 48
396,398,413,414,416,419,436,441,447,
457
344,359 3
179 2 302,336,341,355,358,362,401,430,444
Parsimony informative sites 3 11
176 3 282,363 5
178 4
Nucleotide diversity (Pi) 0.15917 0.01632
Average number of nucleotide differences
0.955 5.844
(k)
Sequence length (base pairs) 532 716
Number of sequences 28 28
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6.3.8 Tajima’s neutrality tests

Tajima’s neutrality test was conducted on the ITS2 and rbcL barcode sequences in order to
establish the existence of a population selection based on the Tajima D value and nucleotide
diversity. The Tajima D value of ITS2 sequences (0.870515) was higher compared to that of
rbcL (—2.73462). The nucleotide diversity based on Tajima’s test was also significantly higher
for ITS2 sequences (r = 0.176498) compared to rbcL (x = 0.067832).

6.3.9 Barcoding gap analysis

The Automatic Barcode Gap Discovery (ABGD) results generated by the K80 Kimura measure
of distance based on ITS2 and rbcL markers for Physalis accessions were used to determine the
presence of a barcoding gap (Figure 6.6). The histogram ranked pairwise distances by increasing
distance values from 0.02 to 1.28 and 0.02 to 0.14 for ITS2 and rbcL gene sequences,
respectively (Figure 6.6). No barcode gap was detected via ITS2 ABGD analysis, while two
barcode gaps were detected by the rbcL ABGD analysis (Figure 6.6). The first barcode gap for
the rbcL gene sequence was detected between distances of 0.02 (2%) and 0.03 (3%), while the
second barcode gap was between a distance of 0.12 (12%) and 0.13 (13%).

108 A 136
97, 122
86 108
95

6 br o b=
nbr 51 o & Barcode gap 1 Barcode gap 2

43 54
40
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S S 8 8 9 0 50 5 06 B D6 8 =e e e
2D = N G e o N B W OO M s b

-------------
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[= 2= =S = I R = =S R - R~ S G S e T

Figure 6.6. Histogram for the hypothetical distribution of pairwise differences of ITS2 and rbcL
gene sequences for 28 Physalis accessions

A represents the histogram prepared using ITS2 genes while B represents the histogram prepared

using rbcL genes
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Low divergence is presumably intraspecific divergence, whereas higher divergence indicates
interspecific divergence. The abbreviation nbr on the y-axis of the histogram stands for number

of pairwise comparisons.

6.4 Discussion

DNA barcoding is a novel approach for identifying and discriminating species based on the
nucleotide diversity of target/specific conserved sequences. Several studies have indicated that
the DNA barcodes rbcL and ITS2, based on the chloroplast—plastid and nuclear regions,
respectively, have been used to identify various plant families with similar morphological traits
(Ralte and Singh, 2021). This study aimed at species discrimination in Physalis genotypes
collected from different regions in Kenya by deploying both rbcL and ITS2 barcodes, and
evaluated the efficiency of these markers in the barcoding of Physalis species. This is the first

report to identify Physalis in Kenya using chloroplast—plastid and nuclear regions.

In previous studies, DNA barcoding markers, rbcL, psbA-trnH and 1TS2 have been proven to be
efficient in discriminating Physalis species from China and India (Ralte and Singh, 2021, Feng et
al., 2018, Feng et al., 2016). These barcode genes were identified as potential candidates for the
barcoding of Physalis plants. In the current study, the amplification was not universal because
16% and 23% of the samples did not amplify for rbcL and 1TS2, respectively. Amplification
failure can be attributed to DNA degradation during the transit of samples from the field to the
laboratory. In addition, failures of DNA amplification and sequencing could also be linked to
poor-quality DNA due to the presence of large amounts of secondary metabolites, such as
phenolic compounds released during DNA isolation, which are common in Physalis species
(Kang et al., 2017, Medina-Medrano et al., 2015).

The rbcL region of Physalis in this study was amplified more effectively compared to the 1TS2
region. This concurs with previous studies, which showed higher amplification and sequencing
success rate for rbcL compared to ITS2 (Kang et al., 2017, Huang et al., 2015). The high success
rate of rbcL amplification is attributed to the high conservation of the gene and its low frequency
rates of mutation (Kang et al., 2017). Conversely, the lower amplification and sequencing

success rate of the ITS2 barcode could be attributed to its incomplete concerted evolution
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process, as reported in other species (Simeone et al., 2013, Denk et al., 2010, Abeysinghe et al.,
2009).

Basic Local Alignment Search Tool (BLAST) results have been used to identify the genus and
facilitate species differentiation. Taxonomic assignments of Physalis accessions through
BLASTnN analyses against publicly available accessions in the databases did not give reliable
results. This was probably because of the limited sequence data, since the available sequences in
the databases mostly represent the most well-known and broadly studied species with a larger
distribution, and to a lesser extent, species from insufficiently studied regions (Ross et al., 2008).
Therefore, much more information and richer databases are necessary for the reliable application

of the BLAST analysis to the Kenyan Physalis species.

The levels of genetic discrimination of Physalis accessions based on genetic distances differed
between the two DNA barcode regions. All rbcL sequences and their reference sequences from
the database formed a distinct cluster with no differentiation of species, indicating low levels of
genetic differentiation in the Physalis species. The nucleotide data matrix from the rbcL region
reflects the close genetic relationships of these species. This indicates the inefficiency of using
rbcL in discriminating plant species, and thus we consider this region to offer little information
relevant to the taxonomic classification of Physalis. The inefficiency of rbcL in discriminating
plant species compared to other barcodes has also been noted in other studies (Kang et al., 2017,
Huang et al., 2015, Tripathi et al., 2013). Similar results were presented in other studies, where
the phylogenetic tree-based method could not effectively identify species of plants based on rbcL
sequences (Huang et al., 2015). A study that used over 10,000 rbcL sequences from the
GenBank to identify plant species also came up with similar conclusions to this study—that rbcL
can only discriminate at the genus level (Newmaster et al., 2006). Chloroplast rbcL had higher
universality but narrow inter-specific genetic divergence, and its species discrimination power
was restricted. It is recommended that when rbcL is used as a first-tier barcode in species
discrimination, and a supplement barcode is also used to increase the efficiency of species

discrimination due to the limitations of the rbcL barcode (Newmaster et al., 2006).
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However, the phylogenetic tree constructed based on ITS2 sequences demarcated the Physalis
accessions into three distinct clades, with each representing a different Physalis species namely,
P. peruviana, P. cordata and P. purpurea. This could be due to the fact that the ITS2 region
possesses high interspecific and low intraspecific divergence (Chen et al., 2010). The clades had
varying branch lengths, an indication that there was a divergence of the ITS2 sequences among
the identified Physalis species (Binet et al., 2016). The branch lengths of the ITS2 sequences
were much longer than those of the rbcL sequences, an indication that the ITS2 gene was more
divergent, while the rbcL gene was more conserved among Physalis accessions. This concurs
with the results of the genetic diversity studies, which showed a higher divergence among ITS2
as compared to rbcL sequences. The phylogenetic tree also showed longer branch lengths among
the P. peruviana species, an indication that the two P. peruviana identified had a high
intraspecific divergence. The more divergent the DNA barcode is, the better its ability to provide
plant species discrimination among the targeted species (Kartavstev, 2011). Therefore,
comparatively, the ITS2 sequences enabled better Physalis species discrimination based on

Bayesian inference.

Higher nucleotide diversity was obtained for ITS2 compared to rbcL, an indication that the rbcL
barcode is more conserved than ITS2. Therefore, the ITS2 barcode is useful to the interspecific
divergence analysis of the Physalis accessions used in this study, which is also indicated by its
ability to discriminate Physalis species. The interspecific divergence analysis of the 1TS2
sequences in this study showed the highest nucleotide diversity between P. peruviana and P.
cordata and the lowest between P. cordata and P. purpurea. One study postulated that a barcode
has to exhibit high interspecific divergence to achieve the discrimination of species, especially
amongst closely related sister species, while having low intraspecific variation (Rach et al,
2008). The current study showed that ITS2 was less conserved and possessed higher interspecific
divergence than rbcL, indicating the level of species divergence among Physalis accessions used

in this study.

Genetic distance is a measure of the genetic divergence between species or populations within a
species (Beaumont et al., 1998). This was significantly higher for the ITS2 barcode compared to

that of rbcL. This is an indication that there is high genetic divergence and variation among
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Physalis species based on the ITS2 barcode. Based on the genetic distance, ITS2 was able to
discriminate Physalis accessions into various species. The highest and lowest intraspecific
distances were obtained within the P. purpurea and P. cordata populations, respectively. The
low genetic distance for rbcL sequences is also a confirmation that the barcode is highly
conserved in Physalis accessions used in this study. The results of the nucleotide polymorphism
analysis for the ITS2 and rbcL sequences concur with those of the nucleotide divergence
analysis, where ITS2’s nucleotide diversity was higher than that of rbcL. A higher number of
singleton and parsimony mutations in the rbcL gene indicate higher low-frequency mutations,
concurring with the Tajima D value confirming the high level of conservation of the rbcL
barcode (Carlson et al., 2005, Tajima, 1989b). The nucleotide polymorphism of the ITS2
sequences showed fewer low-frequency mutations compared to rbcL, and this explains the
higher divergence among ITS2 sequences. The Automatic Barcode Gap Discovery (ABDG) was
also able to show the intraspecific divergence between ITS2 and rbcL sequences of Physalis
accessions used in this study. The maximum intraspecific distance, Pmax, Was much higher at 0.1
for ITS2 than 0.0219 for rbcL. This is an indication that ITS2 is not only more divergent between
species, but is also more divergent within species compared to rbcL, which is highly conserved

between and within Physalis species.

An ideal DNA barcode has significantly smaller intraspecific than interspecific distances, with a
clear boundary between the two, referred to as the DNA barcoding gap, which can help in the
identification of species (Ge et al., 2021; Meyer et al., 2005). This study confirmed that rbcL is
highly conserved in Physalis plants, as its maximum intraspecific distance based on the
automatic barcode gap discovery (ABGD) analysis was Pmax = 0.0129. On the other hand, for the
ITS2 marker, the maximum intraspecific distance based on the ABGD analysis was Ppyax = 0.1.
This confirms that rbcL sequences cannot be used to group the Physalis accessions into species,
and were indeed unable to discriminate Physalis species. This has also been reported in studies
of other plant species, such as cinnamon, where not only rbcL but also other chloroplast-based
barcodes such as matK and the intergenic sequence psbA-trnH were unable to discriminate and
identify species of cinnamon (Chandrasekara et al., 2021). In other studies, matK and psbA-trnH
have been shown to have better and higher potential as barcodes for the identification of tropical

cloud forest trees than rbcL (Huang et al., 2015). However, other studies have shown that rbcL is
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useful in the species discrimination of yams (Kipkiror et al., 2023). This suggests that rbcL
species discrimination might differ from one genus of plants to another. The ITS2 sequences of
the Physalis plants used in this study recorded high intraspecific divergence, as seen in the
ABDG analysis (Pmax = 0.1), probably due to its high variation. The ITS2 sequences were able to
discriminate the Physalis accessions into three species, and the barcoding gap could be identified
for all the three of these species. Their interspecific distance was much higher than that yielded
by the ITS2 marker. The presence of a barcoding gap in different species is also an indication
that ITS2 is an ideal candidate barcode for use in the discrimination of Physalis species and the

determination of species diversity.

6.5 Conclusions

The results regarding sequence characteristics, genetic distance and phylogenetic relationships
show that ITS2 is a reliable marker for use in the discrimination of Physalis species, whereby the
accessions used were identified and discriminated into three species, namely, P. purpurea, P.
peruviana and P. cordata. The ITS2 barcode was found to possess a sufficient variable region
between the different species and accessions for the determination of genetic divergence with
high discriminatory ability. These results expand our knowledge of genetic relationships that will

benefit future crop improvement strategies in the areas of food, nutrition and therapeutics.
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CHAPTER SEVEN

7.0 General discussion, conclusion and recommendations

7.1 General discussion

Physalis species contains nutritional and bioactive compounds of immense importance to public
health and represents a potential ingredient for the development of functional foods and
beverages. However, no study has reported the chemical composition, nutritional and antioxidant
capacity of Physalis fruits in the wild and cultivated in Kenya. The lack of this information
affects the production and utilization of this important fruit. Based on ITS2 barcode the Physalis
accessions collected from Kericho County were identified as P. purpurea and were used for the
analysis of macro-mineral and trace element content. The accessions of P. purpurea were found
to be rich in both macrominerals (calcium, potassium, magnesium and sodium) and trace
elements (zinc, copper, nickel, lithium and manganese). The results indicate that many of the
macro- and micro-nutrients necessary for human health are found in Physalis fruits. The key
phytochemicals identified in the fruits were phenolics, tannins and flavonoids and they facilitate

the radical scavenging activity of DPPH radical and hydrogen peroxide.

Over the last decade, commercial Physalis plantations in Kenya have significantly increased and
the farmers are concerned about the reliability and identity of the planting material. Among the
challenges facing the production of planting material is the difficulty in precise identification of
the Physalis species. A further confounding problem is the lack of discriminatory morphological
features in plants of different Physalis species. DNA barcoding is a method that can effectively
identify species according to the short DNA fragments information. The nuclear barcode, ITS2
has lower length variation and more common primer sites, which can better elucidate the genetic
relationship between plant species. Several studies have also demonstrated that rbcL is effective
and commonly used to identify plant species. Species identification based on the rbcL DNA
barcode was successful for BLASTn analysis but species discrimination based on phylogenetic
analysis was not possible based on the same barcode. Using BLAST algorithm on the NCBI
database this study was able to identify all the Physalis accessions collected at the genus level,
but none were identified at the species level. Despite rbcL barcode having high rate of

amplification and sequencing among the Physalis accessions used in this study, it did not
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facilitate the discrimination of Physalis species based on phylogenetic analysis as no clear
grouping was observed. This concurs with previous studies in other plants where rbcL DNA
barcode has been reported to have low efficacy in species discrimination of some plant families
(Pei et al., 2015; Li et al., 2014).

Physalis species discrimination by BLAST algorithm on the NCBI database and phylogenetic
analysis was effective based on ITS2 DNA barcode. The ITS2 barcode identified three Physalis
species among the Physalis accessions collected in Kenya based on phylogenetic analysis. The
three identified species were P. cordata, P. peruviana and P. purpurea. Therefore, ITS2
provided more robust species discrimination than the rbcL genes. Other studies have also
confirmed the ability of ITS2 to identify and discriminate species (Zhang et al., 2015). The
combination of multi loci barcodes could improve the species discrimination and several studies
have demonstrated the effectiveness (Tran et al., 2021; Simeone et al., 2013). In the current
study, the combination of the two barcode regions failed to increase the Physalis species

discrimination efficiency compared to the single barcode.

Nucleotide diversity and genetic distance of Physalis accessions was higher based on ITS2
barcode as compared to the rbcL DNA barcode. The nucleotide polymorphism of ITS2 and rbcL
barcode sequences for the Physalis accessions used in this study was different. Although rbcL
barcode sequences had higher nucleotide polymorphism than the ITS2 barcode, it did not provide
better discrimination of Physalis species. Nucleotide polymorphisms observed in the rbcL
barcode sequences of Physalis accessions were singleton mutations which are considered low
frequency mutations (Carlson et al., 2005). This explained why the low genetic diversity
observed in the rbcL barcode despite the high nucleotide polymorphism.

7.2 Conclusions
(i) The study confirmed that the fruits of P. purpurea contained a high content of minerals,
including calcium, sodium, magnesium, and potassium. The fruits were also rich in
phenolic acids, tannins, and flavonoids, and exhibited antioxidant properties. The
phenolic compounds and flavonoids were the major contributors to the radical

scavenging activity of the P. purpurea fruits.
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(i) DNA barcode ITS2 was highly efficient in the identification and discrimination of
Physalis species. The Physalis accessions were identified and discriminated into three
species namely P. peruviana, P. purpurea and P. cordata. Our study revealed significant
variations in ITS2 secondary structure predictions that enhanced discrimination among

the three identified Physalis species.

(iii) The results regarding sequence characteristics, genetic distance and phylogenetic
relationships show that rbcL identified the genus Physalis but could not discriminate the
56 accessions studied into different Physalis species indicating high conservation of rbcL
gene. Low sequence divergence and low genetic distance among Physalis accessions
based on rbcL gene was also noted, indicating the rbcL gene is mostly conserved among
the accessions studied.

(iv) The results regarding sequence characteristics, genetic distance and phylogenetic
relationships show that 1TS2 is a reliable marker compared to rbcL for use in the
discrimination of Physalis species, whereby the accessions used were identified and
discriminated based on the ITS2 gene into three species namely, P. purpurea, P.

peruviana and P. cordata.

7.3 Recommendations
(i) The underutilized P. purpurea was demonstrated to be an excellent source of minerals,
phytochemicals and antioxidants and therefore there is need to exploit the accessions for
the management of oxidative stress-induced human diseases.
(if) Physalis accessions identified can be utilized for genetic breeding to develop hybrids

that are valuable to human nutrition and health.

(iii)There is need to evaluate the efficiency of other DNA barcodes such as matK, trnK
intron, trnH-psdA and psbA-trnH in species discrimination of Physalis plants. These
DNA barcodes can be used to assess species discrimination, genetic diversity and

nucleotide polymorphism of Physalis genus in Kenya.
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(iv) There is need for further studies to understand the use of RNA secondary structures for

the selection of parents in trait-specific breeding strategies for Physalis improvement.
(v) There is need for the development of species-specific DNA barcode for the

discrimination of the three Physalis species identified in the current study as well as other

Physalis species.
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APPENDICES

Appendix 1: Physalis accessions sample collection data, PCR and sequencing success rates
for ITS 2 and rbcL genes

Appendix 1A: Table showing all sample collection areas and their geographical coordinates
for Physalis accessions used in this study.

No. | Sample ID County of sample | Specific Latitude Longitude
collection Location of
collection

1. | Londiani L1 Kericho Londiani-Sorget | 0.0532°S | 35.5548° E
2. | Londiani L2 Kericho Londiani-Sorget | 0.0532° S | 35.5548° E
3. | Londiani L3 Kericho Londiani-Sorget | 0.0532°S | 35.5548° E
4. | Londiani L4 Kericho Londiani-Sorget | 0.0532°S | 35.5548° E
5. | Londiani L5 Kericho Londiani-Sorget | 0.0532° S | 35.5548° E
6. | Londiani L6 Kericho Londiani-Sorget | 0.0532°S | 35.5548° E
7. | Londiani L7 Kericho Londiani-Sorget | 0.0532° S | 35.5548° E
8. | Londiani L8 Kericho Londiani-Sorget | 0.0532°S | 35.5548° E
9. | Londiani L9 Kericho Londiani-Sorget | 0.0532° S | 35.5548° E
10. | Londiani L10 Kericho Londiani-Sorget | 0.0532°S | 35.5548° E
11. | Chebororwa C1 Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
12. | Chebororwa C2 Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
13. | Chebororwa C3 Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
14. | Chebororwa C4 Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
15. | Chebororwa C5 Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
16. | Chebororwa elin Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
17. | Chebororwa e2in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
18. | Chebororwa e3in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
19. | Chebororwa e4in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
20. | Chebororwa e5in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
21. | Chebororwa e6in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
22. | Chebororwa e7in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
23. | Chebororwa e8in Elgeyo Marakwet Chebororwa 0.9487° N | 35.4234° E
24. | Ndhiwa hbl Homabay Ndhiwa 0.7299°S | 34.3671° E
25. | Ndhiwa hb2 Homabay Ndhiwa 0.7299°S | 34.3671° E
26. | Ndhiwa hb3 Homabay Ndhiwa 0.7299°S | 34.3671° E
27. | Mukurweini nyl Nyeri Mukurweini 0.5609° S | 37.0488° E
28. | Mukurweini ny2 Nyeri Mukurweini 0.5609° S | 37.0488° E
29. | Mukurweini ny3 Nyeri Mukurweini 0.5609° S | 37.0488° E
30. | Mukurweini ny4 Nyeri Mukurweini 0.5609° S | 37.0488° E
31. | Mukurweini ny5 Nyeri Mukurweini 0.5609° S | 37.0488° E
32. | Ongata Rongai norl Kajiado Ongata Rongai 1.3939°S | 36.7442° E
33. | Ongata Rongai nor2 Kajiado Ongata Rongai 1.3939°S | 36.7442° E
34. | Ongata Rongai nor3 Kajiado Ongata Rongai 1.3939°S | 36.7442° E
35. | Ongata Rongai nor4 Kajiado Ongata Rongai 1.3939°S | 36.7442° E
36. | Ongata Rongai nor5 Kajiado Ongata Rongai 1.3939°S | 36.7442° E
37. | Gilgil gm Nakuru Gilgil market 0.4923°S | 36.3173°E
38. | Muguga DM Kiambu Muguga 1.2551°S | 36.6580° E
39. | Thika TK1 Kiambu Thika 1.0388°S | 37.0834° E
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40. | Thika TK2 Kiambu Thika 1.0388°S | 37.0834° E
41. | Thika TK3 Kiambu Thika 1.0388°S | 37.0834° E
42. | Thika TK4 Kiambu Thika 1.0388°S | 37.0834° E
43. | Thika TK5 Kiambu Thika 1.0388°S | 37.0834° E
44, | Thika TK6 Kiambu Thika 1.0388°S | 37.0834° E
45, | Thika TK7 Kiambu Thika 1.0388°S | 37.0834° E
46. | Thika TK8 Kiambu Thika 1.0388°S | 37.0834° E
47. | Thika TK9 Kiambu Thika 1.0388°S | 37.0834° E
48. | Tigoni T1 Kiambu Tigoni 1.1651°S | 36.7065° E
49. | Tigoni T2 Kiambu Tigoni 1.1651°S | 36.7065° E
50. | Tigoni T3 Kiambu Tigoni 1.1651°S | 36.7065° E
51. | Tigoni T4 Kiambu Tigoni 1.1651°S | 36.7065° E
52. | Tigoni T5 Kiambu Tigoni 1.1651°S | 36.7065° E
53. | Tigoni T6 Kiambu Tigoni 1.1651°S | 36.7065° E
54. | Tigoni T7 Kiambu Tigoni 1.1651°S | 36.7065° E
55. | Tigoni T8 Kiambu Tigoni 1.1651°S | 36.7065° E
56. | Tigoni T9 Kiambu Tigoni 1.1651°S | 36.7065° E
57. | Tigoni T10 Kiambu Tigoni 1.1651°S | 36.7065° E
58. | Tigoni T11 Kiambu Tigoni 1.1651°S | 36.7065° E
59. | Tigoni T12 Kiambu Tigoni 1.1651°S | 36.7065° E
60. | Tigoni T13 Kiambu Tigoni 1.1651°S | 36.7065° E
61. | Tigoni T14 Kiambu Tigoni 1.1651°S | 36.7065° E
62. | Tigoni T15 Kiambu Tigoni 1.1651°S | 36.7065° E
63. | Tigoni T16 Kiambu Tigoni 1.1651°S | 36.7065° E
64. | Tigoni T17 Kiambu Tigoni 1.1651°S | 36.7065° E
65. | Kahuho KK1 Kiambu Kahuho 1.2082°S | 36.6795° E
66. | Kahuho KK2 Kiambu Kahuho 1.2082° S | 36.6795° E
67. | Banana Hill JCBK Kiambu Banana Hill 1.1760° S | 36.7550° E
68. | Tala KT1 Machakos Tala 1.2670°S | 37.3201° E
69. | TalaKT2 Machakos Tala 1.2670°S | 37.3201° E
70. | Tala KT3 Machakos Tala 1.2670°S | 37.3201° E
71. | Tala KT4 Machakos Tala 1.2670°S | 37.3201° E
72. | Kilimani KL1 Nairobi Kilimani 1.2893°S | 36.7869° E
73. | Kilimani KL2 Nairobi Kilimani 1.2893°S | 36.7869° E
74 | Kilimani ANR Nairobi Kilimani 1.2893°S | 36.7869° E
75. | Kilimani SHR Nairobi Kilimani 1.2893°S | 36.7869° E
76. | Valley Arcade Vanl Nairobi Kilimani 1.2907°S | 36.7692° E
77. | Valley Arcade Van 2 | Nairobi Kilimani 1.2907°S | 36.7692° E
78. | Maji Mazuri mm Baringo Maji Mazuri 0.0076° S | 35.6861° E
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Appendix 1B: Amplification and sequencing rates for the ITS2 barcode gene of Physalis

accessions
No | PCR amplicon ID Sequencing Sequence GC content (%)

success length (base

pairs)

1. Londiani L1i Not successful N/A N/A
2. Londiani L2i Successful 466 61.6
3. Londiani L3i Successful 602 62.1
4, Londiani L4i Successful 663 65.2
5. Londiani L5i Successful 656 61
6. Londiani L6i Successful 310 60
7. Londiani L7i Successful 511 60.3
8. Londiani L8i Successful 642 60.4
9. Londiani L9i Successful 624 59.6
10. | Londiani L10i Successful 578 59.9
11. | Chebororwa C2i Successful 679 61.1
12. | Chebororwa C5i Successful 469 61.6
13. | Chebororwa elini Successful 373 62.5
14. | Chebororwa e2ini Successful 383 61.4
15. | Chebororwa e3ini Successful 683 60.6
16. | Chebororwa e4ini Successful 508 60.2
17. | Chebororwa e5ini Successful 707 61
18. | Chebororwa e6ini Successful 664 60.4
19. | Chebororwa e7ini Successful 692 60.8
20. | Magwagwa mw3i Successful 688 65.6
21. | Ndhiwa hb2i Successful 676 60.8
22. | Ndhiwa hb3i Not successful N/A N/A
23. | Mukurweini ny4i Not successful N/A N/A
24. | Mukurweini ny5i Successful 514 66.9
25 | Gilgil gmi Successful 274 59.5
26. | Nyathuna NKi Successful 314 55.1
27. | Muguga DMi Successful 595 61.7
28. | Thika TK1i Not successful N/A N/A
29. | Thika TK2i Not successful N/A N/A
30. | Thika TK3i Not successful N/A N/A
31. | Thika TK4i Not successful N/A N/A
32. | Thika TK5i Not successful N/A N/A
33. | Thika TKG6i Not successful N/A N/A
34. | Thika TK7i Not successful N/A N/A
35. | Thika TK8i Successful 310 61
36. | Thika TKO9i Successful 272 62.5
37. | Tigoni T1i Not successful N/A N/A
38. | Tigoni T2i Successful 431 59.6
39. | Tigoni T4i Successful 274 60.6
40. | Tigoni T6i Not successful N/A N/A
41. | Tigoni T7i Not successful N/A N/A
42. | Tigoni T8i Not successful N/A N/A
43. | Tigoni T9i Successful 545 60.4
44. | Tigoni T10i Not successful N/A N/A
45. | Tigoni T11i Successful 237 55.7
46. | Tigoni T12i Not successful N/A N/A

166




47. | Tigoni T17i Not successful N/A N/A
48. | Ongata Rongai norli Successful 679 60.2
49. | Ongata Rongai nor3i Successful 415 63.6
50. | Ongata Rongai nor4i Successful 677 60.4
51. | Ongata Rongai nor5i Successful 683 60.8

Appendix 1 C: Amplification and sequencing rates for the rbcL barcode gene of Physalis
accessions

No | PCR amplicon ID Sequencing Sequence | GC content

success length %

(base
pairs)

1. | Londiani L1r Successful 547 43.9
2. | Londiani L2r Successful 615 43.3
3. | Londiani L3r Successful 733 43.1
4. | Londiani L4r Successful 520 43.1
5. | Londiani L5r Successful 730 42.7
6. | Londiani L6r Successful 634 43.1
7. | Londiani L7r Successful 615 43.3
8. | Londiani L8r Successful 621 42.8
9. | Londiani L9r Successful 543 43.1
10. | Londiani L10r Successful 604 43
11. | Chebororwa C2r Successful 732 455
12. | Chebororwa C4r Successful 745 43.5
13. | Chebororwa C5r Successful 463 445
14. | Chebororwa elinr Successful 513 45.2
15. | Chebororwa e2inr Not successful | N/A N/A
16. | Chebororwa e3inr Not successful | N/A N/A
17. | Chebororwa e4inr Successful 743 42.8
18 | Chebororwa e6inr Successful 815 43.2
19 | Chebororwa e7inr Successful 745 43.9
20. | Chebororwa e8inr Successful 717 435
21. | Ndhiwa hblr Not successful | N/A N/A
22. | Ndhiwa hb2r Successful 745 43
23. | Ndhiwa hb3r Successful 744 43
24. | Mukurweini nylr Successful 854 42.3
25. | Mukurweini ny3r Not successful | N/A N/A
26. | Mukurweini ny4r Successful 724 44.8
27. | Mukurweini ny5r Successful 712 44.7
28. | Gilgil gmr Successful 637 42.9
29. | Maji Mazuri mmr Successful 565 45.5
30. | Muguga DMr Successful 475 44
31. | Thika TK1r Not successful | N/A N/A
32. | Thika TK2r Successful 733 43.4
33. | Thika TK3r Successful 792 43.2
34. | Thika TK4r Successful 815 43.4
35. | Thika TK5r Not successful | N/A N/A
36. | Thika TK6r Successful 789 43.5
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37. | Thika TK7r Successful 733 42.8
38. | Thika TK8r Successful 626 43.1
39. | Thika TKOr Successful 815 43.1
40. | Tigoni T2r Successful 582 43.1
41. | Tigoni T4r Successful 841 43.6
42. | Tigoni T6r Successful 464 44.4
43. | Tigoni T7r Successful 807 43.1
44. | Tigoni T8r Successful 540 43.7
45. | Tigoni T9r Successful 802 42.8
46. | Tigoni T10r Successful 540 45

47. | Tigoni T11r Successful 745 43.5
48. | Tigoni T12r Successful 545 43.1
49. | Tigoni T13r Successful 773 43.5
50. | Tigoni T14r Successful 775 42.7
51. | Tigoni T16r Successful 742 42.3
52. | Tigoni T17r Successful 803 43.3
53. | Kahuho KK1r Successful 553 42.9
54. | Banana Hill JCBK Successful 729 44.2
55. | Tala KT1r Successful 668 43.9
56. | Ongata Rongai nor3r Successful 818 43.9
57. | Ongata Rongai nor4r Successful 776 42.1
58. | Ongata Rongai nor5r Successful 745 43.2
59. | Kilimani KL1r Successful 744 43

60. | Kilimani KL2r Not successful | N/A N/A
61. | Kilimani SHRr Successful 703 43.1
62. | Kilimani ANRr Successful 722 42.5
63. | Valley Arcade Van 1 Successful 847 43.3
64. | Valley Arcade Van 2 Not successful | N/A N/A
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Appendix 2: Multiple sequences alignments for Physalis accessions.

Appendix 2 A: Multiple sequence alignment of indigenous Physalis accessions from Sorget
Forest based on their ITS2 and rbcL gene sequences as well as their reference sequences
based on BLASTN analysis (https://espript.ibcp.fr/ESPript/temp/1818399141/0-0-
1680464456-esp.pdf)

B 10 29 30 a0 50 60 70
KT178121.1% ATGTCACCACAAACAGAGACTAARGCAAGTGTIGGATICAAGGCTGGTGTTAAAGAGTACAAATTGACTTIATTATACT
NC _026570.1* ATGTCACCACRAAACAGAGACTAAAGCAAGTGTIGGATICAAGGCTGGTIGTTIARAGAGTACAAATTGACTIATTATACTIC
KT178120.1* ATGTCACCACAAACAGAGACTAAAGCAAGTGTTIGGAT AAGGCTGGTGTTAAAGAGTACAA GACTTATTATA
NC_048515.1* ATGTCACCACAAACAGAGACTAAAGCAAGTGTTGGATTCAAGGCTGGTGTTAAAGAGTACAA GACTTATTATAC
NC_048514.1* ATGTCACCACAAACAGAGACTAMAGCAAGTGTTGGAT GACTTATTATAC
NC_070364.1* ATGTCACCACAAACAGAGACTAAAGCAAGTGTTGGAT TGACTTATTATA
NC_039458.1* ATGICACCACAAACAGAGACTAARAGCAAGIGTIGGAT ICAAGGCTGGTIGT TAAAGAGTACAAAT TGACTTATTATACT
NC_039457.1* ATGTCACCACRAACAGAGACTARAAGCAAGTGTTGGAT TCAAGGCTGGTGTTRARGAGTACAAAT TGACTTATTATACT
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440 460 470 0
RT178121.1% GTARRATTTIC. . . mefe RIT[E G s Tic cWALT TG AAR. el “RIA
NC_026570.1*% G[TTAARACTTIC. . . T(c|c ATIGGGR T CCRAGT TIGAAAG . TG 13
KT178120.1%  A[l|TAARACTTIC. . . p)ielles ATICGGATCCAAGT TGAAAQG TG Y
NC_048515.1* ATTARARACTTTC.... TIC|C ATIGGGRTCCRAAGT TGAAAG TG i:8
NC_048514.1* AT TAAAACTTTC.. . . G|G|T|C| ATICGGRTCCAAGT TGAAAG TG 18
NC_070364.1*% ATTAABRACTTTIC. .. L G|G|TIC| ATIGGGATCCAACGT TGAAAG TG A
NC_039458.1* ATTARAACTTIIC.... GIG[T|C|C ATIGGGATCCAAGT IGAAA(G TG DR
NC_03%457.1* ATITAARACTTTIC. GIG|T|C] ATICGGATCCAACGT TGAAAG TG 19
0Q507152.1 ATITAABACTTTIC. .+ GG T|C| AT[GGGATCCAAGT TGAAAG TG A
00507153.1 ATITAAARACTTTIC. . . GIG[T|C|C ATICGGATCCAAGT TGAAAG TG A
0Q507154.1 ATITAARACTTIIC. .. G{G|T|C| ATCGGATCCAAGT TGAAAG IT G 18
0Q507155.1 A[TTARRACTTTC. . . GlG(T[C|C ATIGGGRTCCRAGT TGAAA[L TG A
0Q507156.1 ATITAARACTTITIIC. .. G{G|TC|C AT[GGGATCCRAAGTICAAAQ IT Gi LA
00507157.1 ATITAARACTTIC, .. GIG|T|C|C ATICGGATCCAAGT TGAAAG TG A
0Q507158.1 ATTAMRACTITC. . . Glg[Tic] AIT|cGGRTCCRAGT TGAAAG TG I3
0Q507159.1 ATTAABACTIIC. .. GlG[TIC|C C ATIGGGRTCCAAGT TGAAA|G TG A
00507160.1 AITTARARCTTTIC, . . . L G{GTC] BIT[CGBRTCCRAGT TGAARG TG I
0Q507161.1 ANTAARACTTTC. . . .[CAAG[GT[C/C BIT|cGGRTCCRACGT TGAARS T G| I
AY665803.1% S[LCEAGTICTIT|GAACGIC AAGTTIGIC AAGCCIAT . TAGGCCGAGG(H G.CCIIG )
AY665868.1* .|T|CCAGTCTTI|GAACGCAAGTTG] BlalccclT. TlacEcCGAGEE . c
AY665910.1*  |TICGA[GTCTTT|GAACGIC AAGTTG ARGCCRT. TRGECCGAGG|G G.CCTG c
AY665914.1% JICEAGTCITIGAACGCAAGTTIG RBAGCCRT. TAGHCCGAGG(S G.CCTGH ic
AYG65879.1% -|T|C GAACG[CAAGTTIC BAICCCRAT . TRGCCCCAGGS G.CCTG ic
AY665905.1*  |TCCA[GTC GAACG[CAAGT|T/GICC alcccfaT. TRECCCGAGE G.cclTg c
AY665886.1* .|TICGAGTCTTI|GAACGCAAGTTG RBlAlGCCRT . TRGGECCGAGGE G.CClTG c
MH763728 . 1% LTICERAGTCTT TIGARCG|C ANG|TT|GIC ARGCCAT . TRGGECCGAGE(G G.CCTG i
MH763740.1%  .|TICEAGTCTTT|GAATGC AAGTTG) AplcccfaT. TRECTCoAGS( G.CcelTg) c
00372021.1 .|TICEAIGTCTTT|GAACG|C AR GT(TG| RIGCCRAT. TRGHTCGAGGS G.CClTG c
00372022 .1 LTCEAGTCTTTIGAACG|C AAGT|T AGCCIAT . TIAGGIT CGAGG(G G.CCITG .. ... CAT[CALC
0Q372023.1 .|TlcecaTTTCGCTACG[T. . [T/ T|GCGA . . .[GAGCCGAGA[T G.cceal TCGTGTTT[CAR
00372024.1 L|TICEAGTICTTTIGAACG|C T{T| AIGCCRT . TRGIGIT CGAGG|G G.CCTGGG. . v v v v CAT[CALC
0Q372026.1 L|TICECATTTCGCTACG AlGCC[ . . .[GAAICCGAAANT G.CCICAGAGGCATTTGTTTTTCARA
00372027.1 <|TICGCATTTCGCTACG T|CC GAGICCGAGA|T| GCCGAGAGTCATTTIGTGTTTTICARA
00372028 .1 LTICGAGTCTTTIGRAACGC AIGC AGGTCGAGGG GCCCTGGG. .+ s ... .CATICAC
00372029.1 .HeecaTrTCdcTACE TlcC .leadccleacalt G.CCGAGAGTCATTTGTGTTTICAR

520 530

ARAC|CTARATTGECT
AALCICTAAMIITGEGG
AC|CTAAATTGEGE
AAACICTAARATITGGGG
AC|CTAAATIGEGS
ARACICTARATTGEGS
AAACICTAAATIGGGG]

KT178121.1%

NC_026570.1%
KT178120.1% |G T
NC_048515.1*% |G T
NC_048514.1* |G T
NC_070364.1* |GT)
NC_038458.1* |1

10O

Q0000
ER R E ]

e T| T T
Gl [T CGT|C T I|

2l . T|G| TCgTjc T IT]

5 . (G| TCG[T|C T T

A Gl TCETIC T| IT|

2l . T|G| TCcaT T IT]

(A GG . L LCGT|C T [
NC_039457.1% [CT[. TG, .[TCOT| TGTAC|T A|T|TRAAC|C TAAAT|TGE GG
009507152 .1 |G Tl . T|G[G . . |T CGT| Tl Tac|TalT[raaac|c TARAT TGIEGG
00507153.1 IG|T|Al GG TCETIC ;A TIGTAC TITAAACICTAAATIGEGG
0Q507154.1 G| TR G|G [T COT| T|GTAC TITAAACICTAAATIGEGS
00507155.1 lG/Tlal . T/g| TCgT|e TIGTAC|T AT|TA AR C|C TAAAT|TGE GG
0Q507156.1 G/ Tl . T|g] TcaT T|G|TAC|T A|T|TRAAC|C TARA[T TGS G4
00507157.1 IGITIA . T|G TCGTIC T|GTAC|T AT[TAAAC|CTAAAT TG|GGG
0Q507158.1 elhy el TCgT TIGTAC|T A|T|TAAAC|C TAAATTGE GG
0Q507159.1 lGITf . (T[] TcgT TGTAC|T AT|TIARAC|C TAAAT| TGS GG
00507160.1 G|TfA . |T|G] TCaT TIGTAC|T A[T|T|IAAAC|C TAAAT|TGlE GG
0Q507161.1 GIT . T|5(G . . [TCalT] TIGTAC|T A|T|T|A AAC|C TAAAT|TGE GG
AY665903 .1+ (S ClGCGT C gl CCGCACCGCG C ATACITIGGCCTCCCG|T|.
AY665868.1% ICICfA . TIC[GCSTCGC[CCCCICTCGCCC. .. . .CTTC «..GGGCCTC|GCT. C CATRACITICCCCITCCCGT.
AY665910.1* G| CIGCGTCEC|CCCCCTCGCCCCGCGCCGCG . ..GGGCGTGGT. AC - A CITIGGCC|ITCCCG|T .
AY665914.1% 3|CfA CGCGTCECCCCCCTCGCCCCGCBCCGCG + .. GGGCTTGGCG. C| - B C|IT|IGGCCTCCCG|T .
AY665879.1% IGIC[A ClGCGTCECICCCCCTCGCCCCGCGCCGCG « .« «GGGCTTGGC|G . C ATACITIGGCCITCCCGT|.
AY665905.1* (2 CICCGTCGCCCCCCTCGCCTCGCATCGEG . . .GGGCGTGGCG. AlC) - A CITIGGCC|TCCCG|T .
AY665886.1% A CGCGTCECICCCCCTCGCCCCGCACTGCG + .+« GGGCBTCGCG . C| CATACITISGCC|ITCCCG|T .
MH763728.1% 2, ClGCGICECCCCCCTCGCCCCGCACTGCG .. -GGGCGICGCG. C <A pie] E .
MH763740,1% B+ T|ICIc CAlT ClCCCCICTCGCCCTGCACCGCG . v v wa v v o GCGCER|[ITIGC|S C « AT AT T
0Q372021.1 = C|GCA|T CICCCCICTCGCCCTGCACCGCG G C| « AT AICITIG IT|.
0Q372022.1 . TICIGCAICGCICCCCCTCGCCCTGCACCGCG. G C|G|G . AT AC[T .
00372023.1 ClG . AIGIGCGCAGCITCCCICC . . GCGCGCGCUGCGGACGGGGECGCGAGGGGCS . Cl3T . CIGGT|T| TTGECG
00372024.1 2. T|ClGCA[ICECCCCCCTCGCCCTGCACCGEG. L.GeCeearTec. Clea . AL alc)) 1. .J=Cq|
0Q372025.1 . A R R .
00372026.1 GCG . ARGCACAGTIICCCCC ., o v v s e i s v i s .. . GCGCICGCCG C
0Q372027.1 Gcls . aplccacagdTcCcoce. . GCGCACGCCGTG ...G.ACGRGGCd. G
00372028.1 [TICATTICGCATCGCCCCCICTCGCCCTGCACCGCG - .. .GCGCG|TT|GC|H Cla
00372029.1 lelolel . alalccalccalGlc TCClcCcCGCGC L ACGCCGTG . ....GGACGRGEC. Tl

172



KT178121.1*%
NC_026570.1%
KT178120.1*%
NC_048515.1%
NC_048514.1%
NC_070364.1*
NC_039458 .1*%
NC_039457.1%
0Q507152.1
0Q507153.1
0Q507154.1
00507155, 1
0Q507156.1
00507157.1
0Q507158.1
0Q507159.1
00Q507160.1
0Q507161.1
AY665903.1%
AY665868.1%
AY665910.1*
AY665914.1%
AY665879.1%
AY665905.1%
AY665886.1%
MH763728.1%
MH763740.1*
0Q372021.1
00372022.1
0Q372023.1
00372024.1
0Q372025.1
0Q372026.1
00372027.1
00372028.1
00372029.1

KT178121,1%
NC_026570.1%
KT178120.1%
NC_048515,1%
NC_048514.1%
NC_070364.1%
NC_039458.1%
NC_039457.1%
00507152.1

00507153, 1

0Q507154.1

00507155, 1

00507156
0Q0507157.
00507158.
00507159
00507160
00507161
AY665903, 1%
AY665868. 1%
AY665910.1%
AY665914.1%
AY665879.1%
AY665905. 1%
AY665886.1%
MH763728.1%
MH763740,1%
00372021.1
00372022.1
00372023.
00372024 .
0Q372025.
00372026.
00372027.
00372028.
00372029.1

PR RR R

PR e

KT178121.1%*

NC_026570.1*

KT178120.1*

NC_048515.1*
NC_048514.1*
NC_070364.1*
NC_039458.1*
NC_039457 .1*

00507152.1
0Q507153.1
0Q507154.1
0Q507155.1
0Q507156.1
0Q507157.1
0Q507158.1
0Q507159.1
00507160.1
0Q507161.1
AY665903.1%
AY665868.1*
AY665910.1%
AY665914.1%
AY665879.1*
AY665905.1%
AY665886.1%
MH763728.1%*
MH763740.1%
00372021.1
0Q372022.1
0Q372023.1
0Q372024.1
00372025.1
00372026.1
00372027.1
00372028.1
0Q372029.1

EEEEEEE ]

G

oOQ0.

DG

OO0

2]
O
ERCNN NN

oh]
e REe)
e e e B
[§]
3.

|G|
|G|
G
G C|G
G C|G|C
G|
G
G
G

G C]
G C|
G C|

G C|
T T|
G (]

o]
C A
G C|

«...GCTGGC]
e JGCIGGC
....GCTGGC
.. .GCTGGC
«...GCTGGC]
... .GCTGEC
c e GCTGGC
c .. GCTGGCO
S, .. .GTTGGC
+ .+ . GTTGGC
] . G, .. .GTIIGGC
ClGCCGGCGTTCGTTAGHT|
T.CGTIG....GITGGC]

600

TAC|CARAGA
TAC|CAAAG A
CAAAGA
CABAGA
CAAAGA]
CABAGRH
CAARAGA)
CAAAGA
CAAAGA|
CAARGA
CAARGA]
CAARAGA]
CABRGA
CAAAGA|
CAMAGA
CAARA. .
CICAARGA]
ICAACTC
JJcanCcIC
CAACTC

TAC

.c

CGCIGT T|
CGACTA
JCAACTC
GAGCG.|.

C T
C T
T
< Tl
- T
T
= T

C

OO0
3]

[sNoXe]

+..TATTCC
.. GATGGC]

CTR
T &)
ICT A
ICTACGGTAGAG
ICT A
ICT R
ICT A C
CTACGGTAGAGC
ICT Ry
|CT A Cla
ICTACGGTAGAGT|.
ICTAICGGTAGAGC|. .
ICTACGGTAGAGT. .
ICIACGGTAGAGC|. .
ICITACGGTAGAGC|. . . TGTTT
ICTACGGTAGAGC|. . . TGI|TT]
ICTACGGTAGAGT G
ICTARATGCGAGC
ICCARATGCGAGT
ICTRRATGC|GAG
ICTARATGC|GAGC|ICCGCGT|CG
ICTAAATGCGAGC
ICTAAATGCGAGT
ICTAAATGCGAGC|CCACGTICG)
ICTRAATGCGAGC|CCACGTCG
ICTAAATGT|IGAGC|ICCATGT|ICG)
ICTAAATGAGAGC|ICCATGT|CG)
ICIAMAATGTGAGC|ICCATGTIICG)
ICGAICCGGCGACC|GCGCAC|GC
ICTARAATGIGAGCICCATGTICG

[shsXs!

)

o)
TROOOOORAFFFRFFEFIERFNFFFIF P

TO0O00 0600

He g g S =
P e e e e e
=5 5

E :

EEl ]

CnoRORAOO

cocoaaoa
(PNl

[2X210]
[2X3

Q

NN NN N N

@0

=]
-

=
I}

M ONOCORAORINARANAG O
HE A8 0000a00-
PEREREEREERELRRERERRRIEE

5]
P :
E R )
OO0 NNNNNEHEHHdS A8 d9dd 344

+CGCACGT
TITTAGTI

TIGGGCGCG.TIITCGTGC|CC

GTTCGTTAGTCGCTA
ICIAAATGIGAGC|CCATGIICG GG

... TATTCC|

TGATGAGAAL
TCATCGAGAACGTCAAICTC
TGATGAGAACGTGAACTCAC
TCATGAGAACGTCRAICTC
TGATGAGAACGTGAACTC
TGATGAGAACGTGRAICTC
TGATGAGAACGTGAALCTC
TGATGAGAACGTGAACTC
IGALGAGAACGLGAACTC
TGATGAGAACGTCRAACTC
TGATGAGAACGTGAALCTC
TGATGAGAACGTGAACTC
TGATGAGAACGTGRACTC
TGATGAGAACGTGRAICTC
TGATGAGAACGTGAACTC
TGATGAGAACGT G| C
TCGTGGTGCCGTCGCCGR

CAARCTC
JCAACTC
ICAACTC
.CAACTC]
CAACTC
JCAACTC]

TCGTGGTGCCGTGGC|CGAR C
TCITGGTGCICGTCGC/CGARl. . . [CCICGTCGCC C
TCGTGGTGCICGTGGCICGAA. CCICGTCGCCC C|1
TCGTGGTGCCGTGGCICEAR|. . . [CCICHTCGC LT C
TCITGGAGCICGTGGCICGAR. . .|CCCETCGCCCE C|
TCITGGTGCICGTG CGAAL . .CCCHTCGCCCE C
TCITEHGTGCICGTGGCICGARA. . .ICCICGTCGCCC C
TTGTGGTGCICGTGGCICGAR C|

TTGTGGT. .|. PSP FOPY PN PR N |-
TTGTGGTGCCGTY e o TGGCCCG
............ GAGICGAR. . TTCCCG
TTGTGGTGCICGTG|GCICGAR|. . . TGGCCCG
TCGTG. ... ole . JCCAGGGGT TCG |
GCGGCAG. .|.GTCAGICGARCGCCC|. .TTCCCG
TTGIGGTGCCATGGGCCGARTCCCGCGEECEC

. .. GGGAATGTTAGICGAR|. . .[CTICCTTCCCC

[CT]

@R~
[N XK
Eoa

IERERE)
GESEoNE]

]

e

c

i

=

'
Coaa-
Hea

TTTGGCGCGTTIITCGTSIICT, GTTTCATTATCTCTAl . .CTCAAT

Elg 52{?
STGRACTC

R
onoa
(¥
HH
R
R

coooooal

JETTT

JETTT
ST TT

Q

B e e b
Nanonooaoaa

AXANARARARARS]

RN

[ANANANA)
FT I INE

5]

]

-

)
aon

(]

[®)

a

)

e WCCICGTGGCCOG

680 690 700 710 720 730

AGCACAGGCTGAAA.CAGGTGAAATCAAAGGGCATTACTTGAATGCTACTG
AGCACAGGCTGAAA.CAGGTGAAATCAAAGGGCATITACTIGAATGCTACTG
AGCACAGGCTGAARA.CAGGTGAAATCAAAGGGCATTACTTGAATGCTACTG
AGCACAGGCTGAAA.CAGGTGAAARTCAAAGGGCATTACTTGAATGCTACTG
AGCACAGGCTIGARA . CAGGIGARARTCAAAGGGCATITACTIGAATGCTACTG
AGCACAGGCTGAAA.CAGGTGARATCAAAGGGCATITACTTIGAATGCTIACTG
AGCACAGGCTGAAA . CAGGTGAAATCAAAGGGCATTACTTGAATGCTACTG
AGCACAGGCTGAAA . CAGGTGAAATCAAAGGGCATTACTTGAATGCTACTG

AGCACAGGCTGAMA.CAGGTGARATCAAAGGGCATTACTTGAATGCTACTG
AGCA.CAGGCTGARAA . . .ttt ettt s v s s s an s aaananan

CCGEGACCCCAGGT . CAGGCEGGATT . ot tun e

(Al

(MCCGCGACCCCAGGT . CAGGCGGGATT . . . .. ..ottt tim e e s me e
INCCGCGACCCCAGGT.CAGGCGGEBATC . . . . i ittt et e i e e et emene e
ACCGCGACCCCAGGT . CAGGLGGGATT . L v vt it st e s e e e a st aaeaa e
ACCGCGACCCCAGGT . CAGGCGGEATT .« v v v it vt e vt e tn e nasanns
ACCGCGACCCCAGGT . CAGGCGGGATT . v v v it s e st i en e nan e e
IACCGCCGACCCCAGGT.CAGGCGGGATT .+ v v v et v it e e ta s e e aa e
IACCGCCGACCCCAGGT.CAGGCGBGBATT . v+ v v v s et et s v e amn i s mn e
[AICCGCGACCCCAGGT.CAGGTGGAA