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Abstract

Moringa oleifera is potentially an economically important tree species. It has gained interest
globally for its multipurpose uses, in particular as a source of nutrition and oil, as well as for
its various medicinal properties. Moringa is native to India, Malaysia and the Middle East,
but have been introduced to many countries throughout Africa. There is however limited
knowledge regarding the genetic variation of both native and introduced populations of
Moringa, although phenotypic observations suggest the presence of significant genetic
diversity. To do this we used Moringa collections from different locations including India,
South Africa and Hawaii, with different cultivars present in the foreign samples. Molecular
markers such as Random Amplified Polymorphic DNA (RAPD) and Simple Sequence
Repeats (SSR) were evaluated for their efficiency as a marker system in Moringa, based on
their success in other tropical tree population studies. The comparative analysis between the
two revealed that both marker systems identified similar heterogeneity of 0.438 (RAPD) and
0.481 (SSR). However, the microsatellite marker was more effective for assessing genetic
diversity, with a marker index (MI) value of 5.77 compared to 2.96 (RAPD), within our data
set. Three major groups among the 71 accessions were clustered together in the dendogram
and Principle Co-ordinate Analysis (PCoA), based on the genetic similarity matrices
generated by both markers. Both cultivars were grouped together irrespective of origins,
suggesting a relationship of genetic identity rather than geographical origins. The markers
investigated in this study were found to be effective for determining genetic diversity,
verifying higher genetic variation among the S.A. accessions of Moringas and distinguishing
them from the cultivars investigated. This information could possibly be exploited for

cultivar development in tree improvement programmes.

Xi
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1. Literature review
1.1 Description of Moringa oleifera

The taxonomic description was retrieved from the Integrated Taxonomic Information System
on-line database (IT 1S, 2010). The Moringa oleifera (Syn. M. pterygosperma Gaertn.), also
known as the drumstick tree, is one of the thirteen species belonging to the monogeneric
family Moringaceae. [41; 80]. The Moringaceae family are related to Brassicaceae and 15

other families that produce mustard oil [14].
Kingdom Plantae
Subkingdom Viridaeplantae
Infrakingdom Streptophyta
Division Tracheophyta
Subdivision Spermatophytina
Infradivision Angiospermae
Class Magnoliopsida — Dicotyledons
Superorder Rosanae
Order Brassicales
Family Moringaceae
Genus Moringa

Species oleifera Lam.
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The Moringa tree is indigenous to Northwest India, western and sub-Himalayan tracts,
Pakistan and Asia minor, where it has been naturalised and cultivated in Sri Lanka, Southeast
Asia, tropical Africa, Central- and South America, Caribbean Islands, the greater of the
tropical belt and many other countries (Figure 1.1) [41; 44; 59; 80; 82; 89]. It is capable of
growing in a wide range of soil types, from light- to medium textured soils, as well as a wide
range of conditions, including semi arid regions, and elevations from sea level to
approximately 1400 meters above sea level [82]. Due to their broad distribution, both
naturally and cultivated, the tree is well known under many vernacular names, i.e. English —

Drumstick tree, Horseradish tree; Arabic — Rawag; Punjabese — Sanjna etc. [80; 82].

Figure 1.1 — Distribution map of Moringa oleifera (Shaded); and different localities of
sampling (Rings), including a Hawaii b. South Africa and c. India.

Derived from the vernacular Tamil name, Moringa oleifera, Moringa is a small, outcrossing
diploid (2n = 28) that reaches sexual maturity early at about 6 months to a year [43; 61; 80;
82]. The perennial shrub is evergreen-to-deciduous and reaches a height of up to 10 to 12
meters (Figure 1.2.1) with soft, corky and whitish bark and tuberous roots [18; 80; 82; 95]. It

has bisexual, white-yellowish flowers, but reports of flowers with varying pink have been
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noted [80; 82]. The bisexual nature of its flowers allow Moringa to be both adapted for
selfing and outcrossing, using bees being their main pollinators with the latter producing
more intense phenotypic variations than its counterpart mating system [43]. It produces dry
triangular pods that split open at maturity releasing seeds with three papery wings for easy
dispersal by the wind [25; 82]. Considerable phenotypic variations are observed fruit sizes,
shapes, seed weight, amount of foliage, etc., with wild trees generally producing small fruits,
as illustrated in Figure 1.2.2 [82; 92].

Cultivated varieties called, “Jaffna” and “Chavakacheri murunga”, produce fruits varying in
length with the former producing lengths ranging from 60-90 cm and the latter from 90-120
cm respectively, are commonly grown in South India [80; 82]. Another variety grown,
“Chemmurunga”, produces red tipped fruits and has been reported to flower all year [80; 82].
The Tamil Nadu district also has a variety with thick and bitter pulp known as ‘“Palmurunga”
[80; 82]. Some varieties are exploited in West Indies accordingly for their preferred
phenotype, including high fruit yielding and reduced flowering varieties [80; 82]. The annual
“PKM1” and “PKM2” cultivars are commonly grown commercial varieties developed in

India and are superior to their perennial varieties [72].
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Figure 1.2 — 1.) Photographical illustration of Moringa oleifera, with 2.) similar aged pods
and their diverse phenotype observed within different varieties.

1.2 The many uses of Moringa oleifera

The Moringa tree has great economical potential due to its i.) wide range of rich and novel
products, ii.) its application in multiple industries such as cosmetics, biomedical and fuel, iii.)
distribution throughout many under nourished regions and iv.) tolerance to many limiting
factors such as environmental or stress factors [18; 25; 61; 82; 95]. Almost all plant parts are
edible, including leaves, fruit, flowers and immature pods, which are used as a highly
nutritive vegetable in the tropics as well as fodder [4; 5; 17; 41]. All edible organs are good
sources for sustainable digestible protein, including amino acids, methionine and cysteine
containing sulphur atoms, desirable fatty acids and other essential bioactive compounds such
as vitamin C, B, A and iron, which is important in developing countries to counter under-

nourishment [8; 25]. The leaves have been shown to be competitive compared to that of
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soybean and rapeseed meals in ruminal nitrogen usage, due to its high protein content,
sufficient essential amino acids and nitrogen availability [25; 88]. Both Abdulkarim et al. [1]
and Oliveira et al. [68] reported higher protein content in Moringa than that of grain legumes,

and lipid content than some soybean varieties, respectively [25].

The oil extracted from Moringa seeds has a higher oil content on kernel basis compared to
that of either avocado or olive oil [8]. In addition they have a high oleic acid (18:1) content at
ranges higher than 76.0% and, is reported to be highly resistant to oxidative rancidification
[8; 25]. It is a clear, odourless, sweet tasting oil known as Ben oil, which is used as cooking
oil in many countries and has several other industrial uses, including the production of
cosmetics and “enfleurage” process for perfumes, lubricant for machinery and lamp
illumination [8; 25]. Rashid et al. [81] evaluated Moringa oil as a potential alternative
feedstock for biodiesel production and obtained one of the highest cetane numbers of
approximately 67 for a biodiesel fuel, due to the high oleic acid content. The cetane number
is used to describe the ignition delay time of a diesel fuel when injected into the combustion
chamber of an engine [46]. There is a correlation between the higher cetane numbers and
reduced NO, exhaust emissions, which is harmful to the environment [48]. This cetane
number rating has become a fuel quality parameter in biodiesel standards, where n-
hexadecane is assigned with a high cetane number of 100 and 2,2,4,4,6,8,8-
heptamethylnonane a low cetane number of 15 [46]. This makes biodiesel made from
Moringa an important alternative to consider for future biodiesel production and another
avenue to explore to uplift rural communities. Other industrial applications can be attributed
to other parts of the entire plant. The leaves can be used for biogas production, as a foliar
nutrient source and as a food preservative [8; 25]. Bandana et al. [7] demonstrated that the
application of leaf extracts to seeds or roots, increased root nodulation, nodule weight, and

nitrogenise activity in Rhizobium treated mung bean [82]. The Moringa seed extract, both dry
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and aqueous, have been successfully used to purify water, as it contains cationic
polyopeptides acting as a natural coagulant [28; 42; 61; 62; 64]. The removal of 99% of
colloids from turbid water have been reported by Foidl et al. [27] and was found to be more
efficient and less toxic than the chemical counterpart aluminium sulphate [2]. Antibacterial
activity of seeds, capable of reducing 99% of bacterial suspensions, has been reported [42;
52; 90]. This process is an efficient, low cost solution to water treatment and adequate water
supply to rural areas in developing countries and has potential for large scale application,

with programmes already implemented in Brazil [25; 61].

The plant has a variety of therapeutic and pharmacological properties distributed amongst all
parts from Moringa, determined by scientific research and documented use [25]. Therapeutic
properties including, anti-ulcerative [69], hypocholesterolaemic [29], antihypertensive
activity [19], cardioprotective potential [71] and many other uses have been reported. The
roots and pods have been shown to be able to depress the central nervous system, generating
an analgesic effect, and involved in liver detoxification [10; 34]. The seeds have multiple
therapeutic properties, probably due to the high concentration of bioactive compounds. Some
of these properties include, antimicrobial activity against bacteria [30; 78; 79] and fungi [23],
antitumor, anti-inflammatory [31; 32] and diuretic [58]. These properties emphasise the
importance of evaluating and exploiting certain high value, non-conventional oilseeds of their

unique and well-rounded attributes.

1.3 Population structure and Conservational genetics

Individuals of the same species found in a restricted geographical area and sharing a common
gene pool with the potential to interbreed, define a population as a whole [9]. When a
population has been established under a particular selective system, they will uphold genes

with adaptive leverage over its environment and form local differentiated populations [94].
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These recent patterns in genetic diversity can divulge historic clues that explain the current

population structure [94].

There is an interplay between population structure affecting genetic variation, genetic
diversity being influenced by biological forces, i.e. gene flow through population factors
including seed and pollen dispersal, tree density, fragmentation, founder history and micro-
environmental selection [47], and the genetic structure formed by natural processes such as
mutation, genetic drift, selection, reproductive isolation and migration [13]. Thus, the
importance of understanding the population structure is vital for logical decision making and
planning of breeding programmes. Change in allelic frequencies within populations play an
influential role in driving evolution, thus it is important to understand the genetic structure of
populations with regards to allelic frequencies at different hierarchical levels, such as
individuals, cultivars, natural ecological groupings, regions and various other groupings [6;

15; 61; 86].

Genetic variation offers insurance against genetic erosion and maintenance of biodiversity.
This threat of erosion of biodiversity has multiple facets, including habitat fragmentation
increasing inter-population genetic divergence, misappropriate land reformation, and
ecological and life history traits such as reproductive dynamics [3]. Genetic parameters such
as inbreeding levels, gene flow, and genetic differentiation are important keys to ecologists
and conservation biologists [14]. Conservation genetics focuses on understanding plant
genetic responses to environmental changes and to develop informed strategies for the
conservation of genetic resources [3]. Okun et al. [66] suggested knowledge on the genetic
variation, as well as ecological and geographical differentiations, are important for breeding
and sampling strategies. High levels of genetic variation can aid against co-evolving biotic

factors [63]. It is thus necessary to elucidate the genetic diversity and relatedness of an
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introduced population that has been established for future conservation and breeding

strategies, as suggested by Wu et al. [95] on the study of Moringa trees.

There have been a lot of biochemical studies conducted on Moringa due to its therapeutic and
nutritional properties; however few studies have focussed on elucidating genetic variation
within Moringa until recently. In the study, conducted by Wu et al. [95], they isolated and
characterised 20 polymorphic microsatellite loci but have not fully tested their capabilities as
markers for investigating genetic variation. They screened twenty-four individuals with
germplasms of India and Myanmar for polymorphisms of these microsatellite markers and
found that the number of alleles per locus ranged from two to six. Only seven of these loci
were found to be significant. Muluvi et al. [61] identified two sources of germplasm
introductions within Kenyan natural populations of Moringa, using amplified fragment length
polymorphism (AFLP) markers, and further suggested that understanding their provenance
source is an important factor for conservation and exploitation. Further an investigation into
the outcrossing rate in Moringa using AFLP markers, identified that the combination of their
natural selfing capability and early sexual maturity, provides the opportunity for developing
inbred cultivars. A multilocus outcrossing rate of 0.74 and a twenty-six percentile natural
selfing rate that could potentially lead to an overestimation of the proportion of genetic
variance, was observed for Moringa in the above mentioned. This emphasises that
appropriate management and understanding of its genetic structure is necessary for protecting
genetic variation as well as minimising selfing within seed orchards [60]. RAPD marker
analysis of genetic diversity in Moringa has proven very successful lately and reaffirms the
importance of elucidating genetic variation for management of Moringa [2; 18; 83]. A genetic
diversity study conducted on 161 accessions of Moringa, 131 wild accessions collected from
the wild in Pakistan and 30 accessions obtained from ECHO (Florida), has identified the

usefulness of 19 microsatellite markers in determining great genetic diversity within wild
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collections globally [87]. Very recently the genetic diversity of commercially grown Moringa
cultivars from India was investigated in a comparative evaluation of three genetic marker
systems, including RAPD’s, ISSR’s and cytochrome Pyso-based, and determined the cultivars
to be highly diverse genetically based on all three markers [84]. High genetic diversity was
found among the cultivars and out of the three marker systems used, the ISSR marker system
was found to be most effective for genetic diversity evaluation of Moringa trees within that

study.

In the present study DNA techniques involving molecular markers, which include twelve
random amplified polymorphic DNA (RAPD) markers and twenty-one identified
microsatellite markers were evaluated for their utility in genotyping Moringa, and
characterising the levels of genetic diversity within a collection found at the Hatfield
experimental farm at the University of Pretoria. Phenotypic variation has been observed, with
limited knowledge on the genetic diversity within this collection. By defining the genetic
structure, proper management programmes can be exploited in their resources with the

assurance of scientifically informed selection that may serve as a valuable commodity.

1.4 Molecular markers

Although morphological and ecological characterisations have been effective in evaluating
germplasms and biological forces, which remain essential, they have a lack of genetic
informative support and low discriminating power, in comparison to that of molecular
methods used for genetic diversity characterisation [49]. Certain molecular methods have
been available for some time, i.e. in the form of allozymes and Restriction Fragment Length
Polymorphisms (RFLP) assays, but advancements in DNA analysis techniques have made

them redundant [14; 38].
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DNA methods, especially Polymerase Chain Reaction (PCR) -based techniques, have made a
variety of new approaches available to investigate genetic variability as they became more
easily accessible, reproducible, more polymorphic informative, less time consuming, cost
effective and more specific. They provide powerful and reliable tools for genetic analysis of
variation within and amongst plant populations [38]. These genetic markers form a part of the
observable differentiation within and amongst populations that are geographically isolated.
Studying the genetic diversity of populations allows us to assess genetic parameters such as,
levels of inbreeding, gene flow, genetic differentiation, and processes of micro evolutionary

changes of populations [14].

Although molecular markers are found to be selectively neutral marker-trait associations or
association mapping has become a powerful approach to identify correlations for genotype
and phenotype within diverse germplasm collections [93]. Also these molecular markers are
valuable tools for identifying genetic diversity of populations, recognising units of
conservation including strategies for their management, and assisting breeding programmes
[18]. Other applications of molecular markers have become widespread across many studies
including genome mapping, mating patterns and phylogenetics. However, careful
consideration is required when choosing such methods, as the repertoire of different types of
molecular markers is vast and each differs in their principle, methodologies and applications
[85]. The attractiveness, considering advantages and disadvantages, of a specific technique

can vary depending on the researcher.

141 RAPD

According to the prior knowledge of sequence information for the type of primers used, two
types of PCR-based techniques can be defined, arbitrary or semi-arbitrary primed PCR

techniques and site targeted PCR techniques [85]. With no previous information of the

10
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genome sequence available, two arbitrary molecular marker techniques are commonly used in
diversity studies with high success rates, including the RAPD and AFLP marker technique.
The AFLP marker technique combines the technology of restriction digestion of genomic
DNA, using the combination of both a frequent and rare cutting restriction enzyme, and PCR
amplification of these digested fragments, with the help of designed adaptors ligated to the
cut fragments [85]. Many different applications of this technique have been successfully done
including the above mentioned study involving the estimation of outcrossing rates in Moringa
[60]. However the key drawbacks of the AFLP technique when compared to the RAPD
technique, are the added cost of the specific restriction enzymes used as well as the designed
double-stranded oligonucleotide adapters including the time and effort spent on the added
number of steps involved [85]. The RAPD technique focuses on sampling genomic regions
without discrimination of coding and non-coding regions to identify random segments of
polymorphic DNA [51]. Discrete segments of DNA are amplified with primers that anneal to
unknown flanking sequences, when these priming sites are within amplification distance [91].
These primer binding sites are inverted repeats found ubiquitously throughout the genome
[9]. The discrete bands that are generated by amplification are scored as gel phenotype
through gel electrophoresis and collectively forms individual profiles for each. The
polymorphisms generated are due to base substitutions or deletions in the binding sites,
insertions stretching binding sites too far for amplification and insertion and deletions
modifying fragment size [35]. Preconditions for primers include decamer primers consisting
of 60%-80% GC content and no self-compatible ends [74]. The application of the RAPD
technique with the use of statistical methods has been effective in analysing genetic diversity

and similarity amongst populations of various species [18].

An important limitation to this technique is its inability to distinguish between homozygotes

and heterozygotes determinants and can only identify dominant markers. Detection is

11
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restricted to only a single allele i.e. amplified allele, and not the other, thus monoallelic
detection system [9]. It still allows for the estimation of allelic frequencies required for
population genetic structure characterisation, but when compared to other co-dominant
techniques there is an underestimation of the genetic variability present [51]. In conjunction
to dominant inheritance, the co-migration of bands with similar mobility; and reproducibility
reduces the assurance of homology which is unfavoured by other studies with phylogenetic
components [9]. In some cases the lack of resolution of co-migrating fragments can be

reduced by polyacrylamide gels as suggested by a study done by Huff et al. [39].

However the lack of prior sequence information, reduced labour intensive work of generating
specific primers, minimal use of limited DNA sources and ease of operation set up, makes
this technique a valuable diagnostic tool for the efficient assessment and manipulation of a
gene pool for breeding programmes, diversity evaluation, management of biodiversity etc. [9;
49; 85]. In addition this technique allows for the addition of large number of primers to
identify useful markers which then have the potential to identify clones, genome mapping,
study of sexual differentiation and microbiological relationships between human and the

environment [9; 50].

1.4.2 Microsatellites

Simple Sequence Repeats are short repetitive DNA sequences of a few base pairs (1-6bp) in
length found ubiquitously throughout the genome, variations in repeat length of the motif
forms due to a natural process of polymerase slippage [11]. They contain unique flanking
regions that allow specificity when evaluating loci. These repeats can be classified according
to their motif structure, as perfect, imperfect, interrupted or composite and they can be
defined depending on the repeat length, such as mono-, di-, trinucleotide etc. repeat motifs

[67]. The sequences are unique and present high levels of allele polymorphism. There are

12
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multiple advantages such as high variability or polymorphisms, abundance throughout the
genome, specificity of loci evaluation, co-dominance markers, straightforward and easy assay
using PCR setup and scoreability and high reproducibility [11; 77]. The initial costs involved
for setting up microsatellite work is high due to proper screening for informative
microsatellite’s identified from the vast amounts of estimated numbers and labelled probes
[14]. However, once it has been developed it remains an inexpensive procedure and is easily

maintained.

Microsatellites were developed for the use in human studies, but have spread to many other
organisms due to its versatility. They have become useful markers used in various studies,
including genetic mapping, human forensic analysis, conservation biology phylogenetics and
population studies [11; 33]. They have become of great interest for accurately studying
genetic parameters and the analysis of population structures in both naturally occurring and
experimentally derived populations [14]. The potential of microsatellite’s lie in their level of
allelic diversity, but loci with remarkably high number of alleles are rare as seen in a study by
Maroof et al. [55]. It would be assumed that these variable alleles at certain loci are due to the

area they are found in.

In comparison to other marker techniques this gives us the essential resolution to investigate
and accurately estimate genetic parameters of populations [14]. As suggested by Wu et al.
[95], these markers are important for elucidating founder components of introduced species
and have been important in studying other aspects of ecological evolution patterns such as

genetic distribution patterns of pollen within Moringa trees.

13
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2. Aim

This study aims to evaluate the potential of DNA techniques involving two molecular marker
systems for their utility in detecting genetic variation, genotyping Moringa, and
characterising the levels of genetic diversity within a collection found at the Hatfield
experimental farm at the University of Pretoria and between foreign sampled Moringa
varieties. The two marker systems is comprised of twelve random amplified polymorphic

DNA (RAPD) markers and twenty-one identified microsatellite markers.

2.1 Objectives

e Determine the resolution power of selected markers, compare them and estimate

the level of genetic variation detected among collections of Moringa.

e Based on this, evaluate the genetic diversity of an uncharacterised SA population

compared to known Moringa plants from different localities and cultivars.

14

© University of Pretoria



3. Materials and methods

3.1 Plant material

Moringa leaf samples were collected from an experimental orchard grown at the University
of Pretoria’s experimental farm and will be representing an initial South African source. The
seeds are of unknown source or cultivar. This orchard was well established and grown
according to the appropriate propagation methods reported by De Saint Sauveur and Broin
[21] and Palada and Chang [70]. Seeds obtained from populations of different localities,
including PKM1 and PKM2 from India and Hawaii were also used in this study (Figure 1.1.
a., b. and c.). Foreign seeds were imbibed overnight in distilled water before being planted
into individual cells (14 seeds per area) of 100 cell seedling trays (3-4 cm wide and deep).
Samples were grown in potting soil, consisting of soil and compost in these seedling trays at
24 °C in 30%-50% shade and watered with 15ml of water every second day. Germinated
seedlings of approximately 20cm in length were then transplanted to pots (3 per pot),
containing commercial potting mix. Leaf samples were collected in liquid nitrogen and stored

in a freezer at -80°C.
3.2 DNA extractions

A total of seventy-one samples were used, including fifty accessions from the South Africa
(S.A.) accessions, six PKM1 and three PKM2 accessions from India and twelve accessions
from Hawaii. The Hawaiian accessions had six from both PKM1 and PKM2 cultivars (Table
3.1). DNA extractions were conducted by using the DNeasy plant mini kit (Qaigen®, U.S.A)
to produce uniform DNA samples and concentrations. Alternatively a modified version of a
CTAB method, by Doyle and Doyle [24] and Cullings [16], was performed on all the samples

for obtaining higher yields. The CTAB method was performed using a total of 200mg leaf
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tissue, crushed in liquid nitrogen and submerged in a CTAB extraction buffer containing 2%
CTAB, EDTA — 0.02M at pH 8.0, Tris-Cl — 0.1M pH 8.0, NaCl — 1.4M, B-mercaptoethanol
and PVP, similarly used by da Silva et al. [18]. The mixture was incubated at 60°C for 1.5
hours, after which an equal volume of ice cold chloroform was added. The samples were
centrifuged at 15000 rpm for 15 minutes, where the top aqueous layer was carefully
transferred to a new 1.5ml eppendorf tube not to disturb the lower layers. All centrifugation
steps were conducted at room temperature. Ice cold Isopropanol was added to the solute and
incubated at -20°C for 2 hours. The samples were centrifuged for 20 min at 15 000 rpm and
the supernatant removed. Firstly a 96% ethanol and lastly a 70% ethanol wash were done.
Samples were air dried to remove all traces of ethanol and finally eluted in TE buffer and
kept overnight. RNA was digested by adding RNase (0.02 mg/ml), incubated for 30min at

37°C and followed by quality analysis.

Table 3.1 — Sample identification, origins and cultivar description.

'Sample Id Cultivar Geographical origins
Mo - 1 to 50 Undefined seed source South Africa
MolD-1,2,6,7,8and 9 PKM1 India
Moli-1,5and 7 PKM2 India
MoHI-1,2,4,7,8and 9 PKM1 Hawaii
MoH-2,4,6,7,8and 9 PKM2 Hawaii

'Cultivars were separated accordingly. Fifty accessions were from South Africa, 6 of PKM1 and 3 of
PKM2 from India and lastly 6 of PKM1 and 6 of PKM2 from Hawaii.

3.3 DNA quality analysis

DNA was analysed using Nanodrop 3000 spectrophotometer (Thermo Scientific, USA) at
260 and 280 nm absorbance to estimate its purity and concentration. With a further quality
check, based on visual observation of genomic DNA, mixed with loading dye containing

gelred, ran on a 1% agarose gel. Working stocks of 50ng/pl were prepared and kept at -20°C.
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3.4 Selection of primers

3.4.1 RAPD primers

Twelve decamer RAPD primers (Inqaba biotec™, R.S.A.), were identified and selected from
previous research papers to have polymorphic characteristics in plants and subsequently
screened for suitability in the current research project (Table 3.2). Out of the twelve primers
screened, RAPD 2, 3 and 8 were found to be monomorphic but reproducible. RAPD 3 was
subsequently replaced with RAPD3b from another paper by da Silva et al. [18]. All other
RAPD primers were found to be polymorphic and reproducible with replicates performed,
producing enough bands to suit this study. The incorporation of RAPD markers are used to

aid in better resolution of the diversity among these Moringa trees.

3.4.2 Microsatellite primer sets both labelled and unlabelled

Sequences of regions containing microsatellites were obtained from the NCBI database and
twenty-one PCR primer pairs (Table 3.3) for microsatellites were designed with the aid of the
program CLC bio Main Workbench (CLC bio, Denmark). Four primer sets produced non-
specific bands and were thus discarded from the study, with a total of seventeen
microsatellite primer sets remaining for further analysis. The amplified fragments were
isolated from agarose gels with the QlIAquick Gel Extraction Kit (Qiagen, U.S.A.) and then
cloned into the pGEM-T Easy vector (Promega, U.S.A.), according to the manufacturer’s
instructions, for sequencing. Sequencing reactions were prepared to generate DNA
sequencing templates with BigDye® Terminator v3.1 Cycle Sequencing Kit (Life
technologies, U.S.A.) via PCR. Reactions contained 1uL of 5 x Sequencing buffer, 2 uL of
BigDye®, 60ng of DNA, 3.2 pmol primer and was filled to a final volume of 10 pL. Cycling
conditions included an initial denaturation step at 95°C for 5 minutes, followed by 40 cycles

of 95°C denaturation step for 30 seconds, extension at 50°C for 10 seconds and a final
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extension step at 60°C for 4 minutes. Sequencing samples were cleaned with NucleoSEQ

(Macherey-Nagel, France) columns as per manufacturer’s recommendations.

Suitable microsatellite primers were labelled with fluorescent dyes (FAM, NED, VIC and
PET) according to their respective allelic size ranges for detection in a multiplex reaction,
twelve primer sets were subsequently found to be viable candidates to be used for multiplex
genotyping or fragment analysis. After allelic ranges were defined for this collection, two
panels were designed to avoid pull-up from different overlapping or closely migrating
primers within each multiplex reaction (Table 3.3.). Panel 1 contained primer pairs Mic7
ALT, Mic9 ALT, Mic23 ALT, Micl0 ALT, Micl5 ALT, Mic20 ALT, Mic6 ALT and Mic18
ALT. Whereas panel 2 contained primer pairs Mic8 ALT, Micba ALT, Miclé ALT and

Micl2 ALT.

3.5 PCR reactions

DNA amplification was performed for both markers using two different Taq systems. Each of
the 10ul RAPD reaction mixtures, contained 25 ng of genomic DNA template, 1ul of the 10x
NH, reaction buffer, 0.5ul of 50mM MqgCl,, 1pl of 1mM dNTP mix (Fermentas
International, Canada), 0.15ul of a 10uM solution of an individual RAPD primer, with 0.1pl
of ‘BIOTaq” Tag DNA polymerase (Bioline, U.K.) and was filled up to volume with

nuclease-free water (Fermentas International, Canada).

Using designed microsatellite primers, a total volume of 10 ul was used for each multiplex
reaction, containing 2 ul of the 5 x MyTaq reaction buffer. The reaction buffer supplied with
MyTaq DNA Polymerase (Bioline, U.K.) contained premixed and appropriate concentrations
of ANTP’s and MgCl, for efficient PCRs. Moreover each reaction further consisted of

0.15uM of each primer pair in a complex mix of multiple primers for a multiplex reaction.
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Zero point one microliters of MyTag DNA Polymerase was added and a final volume was

achieved with nuclease-free water (Fermentas International, Canada).

Master mixes were prepared for each individual primers and multiplex primer mixes, with
concentrations adapted accordingly. This was done to circumvent measurement deviations
when using small volumes for pipetting. The mixtures were mixed thoroughly for each
individual reaction by pipetting up and down and all PCR reaction setups were conducted on

ice before placing in a preheated thermocycler.

3.6 PCR amplification

Reactions were carried out using Bio-Rad S1000 Thermocycler (Bio-Rad, U.S.A.). Each
marker system required specific optimised conditions, in accordance to their respective DNA
polymerase cycling conditions and programmed into the thermocycler to achieve effective
amplification. The RAPD reactions were set to an initial melting temperature step of 95°C for
2 minutes, following 37 cycles of each at a denaturing temperature of 95°C for 30 seconds,
annealing temperature of 35.5°C for 30 seconds and extension temperature of 72°C for 30
seconds. The final cycling step was an additional extension step at 72°C for 5 minutes to

allow unfinished extensions to complete.

Using MyTaq allowed for better PCR cycling times due to the optimised buffer supplied with
the DNA polymerase. Amplifications were carried out in the thermocycler programmed for
an initial denaturing step at 94°C for 1 minute, following 36 cycles of each at a denaturing
temperature of 94°C for 20 seconds, annealing temperature of 57°C for 20 seconds and
extension temperature of 72°C for 15 seconds. A final extension step was included at 72°C

for 2 minutes, for above mentioned reasons.
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Table 3.2 - Characteristics for the RAPD markers used in this study, including polymorphisms detected and their percentages

Primer Label OP-system RAPD seq 5'-3" % GC Polymg?g]icbt;?]r&gs/ total Polym(ﬁphism
RAPD 1 OPA-02 TGCCGAGCTG 70 5/7 71.43
RAPD 2 OPA 04 AATCGGGCTG 60 0/6 0.00
RAPD 3 OPA-06 GGTCCCTGAC 80 0/3 0.00
RAPD 3b IDTO02 TGATCCCTGG 60 7/11 63.63
RAPD 4 OPA-10 GTGATCCCAG 60 3/5 60.00
RAPD 5 OPA-11 CAATCGCCGT 60 15/17 88.24
RAPD 6 OPA-12 TCGGCGATAG 60 6/6 100.00
RAPD 7 OPA-15 TTCCGAACCC 60 8/10 80.00
RAPD 8 OPA-16 AGCCAGCGAA 60 or5 0.00
RAPD 9 OPAB19 ACACCGATGG 60 8/10 80.00
RAPD 10 OPAC19 AGTCCGCCTG 70 6/6 100.00
RAPD 11 OPAHO02 GAGACCAGAC 60 7/10 70.00

Total 65/96
Average 5.42/8.00 59.44%

© University of Pretoria
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Table 3.3 — Properties of the twelve remaining microsatellite primer pairs after screening.

Primer labels GenI_Bank Primer sequences (5'-3") "Motif No. of alleles ?Allele size (bp) Fluorescent Panels
accession no. dye
. CACCTCAGTATCCCTCTCT
Mic7 ALT GQ853890.1 CCCCTTATGTTOTOGTTT (CT)1(CT)s 10 279-291 6FAM
. CTTCCCTCCTTATGGCTC
Mic9 ALT GQ853892.1 GCTCACTTTCCATCTOCA (CT)1s 5 195-205 6FAM
. CCACCGTCACCTACAGAA
Mic23 ALT GQ853906.1 CACTAATOAGTCCTCAGE (GA)g 7 159-183 VIC
. CCCCTCTATTTCCATTTTCCC
Mic10 ALT GQ853893.1 CCTCTTGCTCCAATTTCCTC (TC)1,CCT(TC)s 5 125-133 6FAM
1
_ AAGGGTTTCAACTGCTGG
Micl5 ALT GQ853898.1 AGCTTGGTGGATTCTTCG (GA)14 7 115-129 PET
. GCCTTTTCTCTCTCTTTTGT
Mic20 ALT GQ853903.1 CAGGCCTTTGGTCGTTTAG (TC)y7 7 112-124 NED
_ GGGCCCTTATCAGTTGTGA
Micé ALT GQ853889.1 GOGOTTCTTGTTCTTITATIC (CT)o 6 100-110 VIC
Micl8 ALT GO853901.1 rnsiaseliotiasactiies (AG)n 7 81-91 6FAM
_ GCTACAGTGGAATGCGATAA
Mic8 ALT GQ853891.1 CAAAAGGAAGAACGCAAGAG (CT)1s 3 154-164 6FAM
. GGTTAGTTAGGTCTGCGT
Micsa ALT GQ853888.1 CTCGOGGOTIATIITACG (AG)14 6 123-137 VIC
2
. GAACCCAACAGAGGATAAAC
Mic16 ALT GQ853899.1 CTTTCTGGGTACTTGTTGE (TC)oC(CT)13 10 128-144 NED
. GGGCATTAGAAAACAGAGG
Mic12 ALT GQ853895.1 CAACAGCACACTTTCCAATE (GA)q 3 100-106 6FAM
Total 76
Average 6.3
! Repeat motifs identified from sequencing. “ Allelic ranges detected for individual loci that were considered for fragment analysis.
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3.7 PCR product analysis

The RAPD PCR amplifications were electrophoresed in 2% (w/v) agarose gel prepared in
TAE buffer (40 mM Tris acetate pH8 and and 1mM EDTA), which was also used as the
running buffer. The PCR samples were loaded into the wells mixed with 2 uLL of 6 x DNA
loading dye from Fermentas (Fermentas International, Canada.) containing 1 x GelRed™
(Biotium, U.S.A.). The electrophoresis was done at 93 volts and 300 mA for 35 minutes and
the gel phenotypes (DNA bands) were visualised using the BioRad Molecular Imager® Gel
Doc™ XR system (Bio-Rad, U.S.A.). Each RAPD band was considered as independent
characters or loci and assigned molecular weight designations according to their positions

estimated against the DNA molecular ladder. This was done to avoid error when scoring.

Microsatellite amplifications were first visualised on 2% agarose gels to confirm
amplification and reduce false runs on the fragment analyzer. Capillary electrophoresis was
performed on the ABI 3130 genetic analyzer (Applied Biosystems, U.S.A.). Each reaction
was prepared by diluting the samples to the appropriate concentrations, to accommodate for
optimal fluorescent detection range, and added to a fresh 10 pl mix of Formamide and
L1Z500 size standard (Applied Biosystems, U.S.A.). A G5 dye filter set was used for the
analysis to accommodate for the five different dyes utilized. GeneMapper software version
3.0 (Applied Biosystems, U.S.A.) takes fragment data and generates electropherograms of

fragment sizes for downstream analysis.

3.8 Data analysis

The RAPD profile (bands) generated and visualised on the gels were scored as a binary
model, either present (1) and absent (0), whereas the microsatellite alleles generated from
fragment analysis were converted to the binary model for the following analyses. The

intensity of the fluorescence of RAPD bands were not taken into consideration. The data
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generated were used to calculate parameters, such as number of polymorphic loci, percentage
polymorphisms, and polymorphic information content. The polymorphic information content
(PIC), which is an estimate of the discriminatory power of molecular markers per primer, was

calculated according to the formula described by Botstein et al. [12]:

n
Polymorphic information content (PIC) =1 - ) Pij2
J=1
Where Pj; is the frequency of the j™ allele for the i"" marker, and then summed over n alleles.
The expected heterozygosity (Hex), also known as the gene diversity, of the polymorphic

locus for a genetic marker was calculated as suggested by Nei [65]:
Hexp =1- Zpiz,

Where Pi represents the allele frequency for the i allele. The arithmetic mean (Have) Was

calculated as the expected heterozygosity per loci:
Hawe = ZHexp/n,

Where n is the number of markers (loci analysed). The Marker Index (M) is a good estimate
of the utility of a marker system. This was devised as the product of the expected mean
heterozygosity (Hae) and the Effective Multiplex Ratio (EMR) which is expressed as

follows:
EMR = n; xp,

Where n; number of polymorphic markers and g the fraction of markers that were
polymorphic. The loci that were found to be monomorphic in the data set, were excluded

from this analysis but remained in the calculation of both the EMR and MI.

23

© University of Pretoria



3.9 Population variation

The Genetic similarity coefficients and the principle coordinate analysis (PCoA) were
conducted to estimate the genetic identity or similarity between accessions and to highlight
the resolution power of the clustering, respectively. Genetic similarity matrices were
generated using Jaccard’s coefficients [40] with the module SIMQUAL within the software
program called NTSYS-PC [26]. These similarity coefficients were calculated using the

following equation as suggested by Panwar et al. [73]:
Jaccard’s coefficient = Ny / (Ny, +Ny+N,),

Where N,y is the number of bands shared by the samples, Ny represents the amplified
fragments in sample X, and N, represents the fragments in sample Y. Similarity matrices
based on these indices were calculated. The similarity matrices were used to construct the
Unweighted Pairwise Group Method with Arithmatic average (UPGMA) dendograms, for
cluster analysis amongst genotypes. The robustness of the dendograms were determined by
bootstrapping the similarity matrices with 2000 replications using the software program
FreeTree [36]. The PCoA was conducted using principle component analysis programs such
as DCENTER and EIGEN of the NTSYS-pc software [26] based on similarity matrices of

Jaccard generating a scatter plot.
3.9.1 Marker system correlations

The Mantel test [54] was employed to determine the coefficient of correlation (r) between the
similarity matrices obtained from the marker types RAPD, microsatellite and the combination
of both markers. The correlation to measure the relatedness among the similarity matrices
obtained and ‘goodness of fit’ of the UPGMA dendograms generated by each marker system

(and combination of both), were calculated by means of the MxCOMP and COPH modules
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from the NTSYS-pc software [26]. To analyse the ‘goodness of fit> for the UPGMA
dendograms produced by each marker, the cophenetic similarity matrices were generated
from each UPGMA dendogram and then compared with the original Jaccard’s similarity

matrices.

3.9.2 Genetic diversity

Additionally the Shannon-Weaver diversity (I) and the Nei genetic diversity (h) indices set
were determined using both the RAPD and microsatellite markers (microsatellite data were
analyzed as dominant markers) with the software program Popgene, version 1.32 [96]. This

was conducted on the entire data set for all groups.
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4. Results

4.1 Variation of RAPD loci

Out of the twelve RAPD primers tested, only nine primers were selected for further use in
this study based on their optimal and strong reproducible patterns. The assays were done in
triplicate to assess the reproducibility of RAPD profiles and generated similar banding
patterns. A total of 96 amplicons were generated, from 71 individuals investigated, where 65
bands were found to be polymorphic, producing an average polymorphism of 59.44%. The
number of polymorphic bands per primer and the size range of bands generated varied from
three (RAPD 4) to 15 (RAPD 5) and 0.2 to 2.5kb, respectively. The average number of
amplicons produced per primer was 5.42 RAPD and no population specific band(s) were
observed at all. A representative RAPD profile obtained from RAPD 5 (Figure 4.1) produced
a total of seventeen bands (0.4-1.7kb) and fifteen bands were found to be polymorphic
(88.24%). The RAPD primer 6 and 10 were the most efficient with 100% polymorphism,

followed by RAPD primer 5, 7,9 and 1.

L Idl Id7 Id8 1d9 HI2 HI7 HI8 HI9 H2 H7 HS8 HY9 Ii5 Ii7

1.7kb

1kbp -

S00bp -

0.4kb

Figure 4.1 — RAPD profile of 14 Moringa genotypes generated by RAPD primer 5. The lanes
represent, lane L (100bp ladder); lanes I1d1-1i7 (Moringa genotypes).
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The PIC values, also a reflection of allele diversity and frequency among the varieties, ranged
from the lowest 0.249 (RAPD 11) to the highest 0.375 (RAPD 10), with a mean value of
0.255 for dominant markers. The expected heterozygosity was determined to be significantly
higher to the PIC values, ranging from the lowest 0.291 and the highest 0.499 for RAPD
primer 11 and primer 10, respectively. The PIC and the He, values (Table 4.1) were then
used to calculate the arithmetic mean heterozygosity (Have) Which was calculated to be 0.438.
Determining the marker index requires the calculation of the effective multiple ratio, which
was calculated as 6.75, thus producing a value of 2.959 for the marker index.

Table 4.1 - Polymorphic Information Content (PIC) values estimated for the RAPD markers.

Primer Label 'PIC Expected Heterozyg. (Hexp)
RAPD 1 0.343 0.44
RAPD 2 0 0
RAPD 3 0 0
RAPD 3b 0.373 0.497
RAPD 4 0.374 0.498
RAPD 5 0.364 0.478
RAPD 6 0.351 0.455
RAPD 7 0.331 0.418
RAPD 8 0 0
RAPD 9 0.3 0.368
RAPD 10 0.375 0.499
RAPD 11 0.249 0.291
Average 0.255 20.438

! Values for dominant markers. * Calculated per polymorphic primer assay.

The similarity coefficients based on 65 RAPD amplicons ranged from 0.292 to 0.889 and an
average similarity index of 0.536. Genotype Mol17 and Mo47 (S.A. accessions) showed the
lowest similarity index (0.292), while genotypes MoF1HI1 and MoF1HI2 (Hawaii PKM1
cultivars) showed the highest similarity index (0.889) with RAPD primers. Cluster analysis
based on Jaccard’s genetic similarity coefficient matrix generated from RAPD data, separated
the genotypes into three (RI, RIl and RIII) main clusters (Figure 4.2). The first cluster

formed six sub clusters, with the majority of the South African (S.A.) accessions found
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within it. The last sub cluster is an outlier containing Mo46 and MoHI9 (PKM1). The second
cluster was split up into two sub clusters. The first contained many of the genotypes from the
PKM1 cultivar, including MolD1, MolD2, MolD6, MolD9 and S.A. accessions, Mo19,
Mo39 and Mo48. The second sub cluster formed all of the genotypes from the PKM2
cultivar, genotype MoH9 formed a separate branch. The third major cluster was divided into
four sub clusters containing the remaining S.A. accessions and separate singular genotypes,

MolD7 and MolDS8.

4.2 Variation of microsatellite loci

Only twelve out of twenty-one microsatellite were found to be polymorphic and used for
fragment analysis. A total of 76 alleles were detected in all samples with an average of 6.33
alleles per locus. The number of alleles per primer ranged from 3 (Mic8 ALT and Micl2
ALT) to 11 (Mic7 ALT) and allelic variation found spanned from 81 bp (Mic18 ALT) to 291

bp (Mic7 ALT).

The average PIC value for 12 primers was 0.598, with values ranging from lowest 0.278
(Mic12 ALT) to highest 0.812 (Mic7 ALT) for co-dominant markers (Table 4.2). There were
three unique alleles generated with microsatellite primers Micl0 ALT, Mic20 ALT and
Micl8 ALT identified in the S.A. accessions Mol7, Mo28 and Mo31, respectively. The
expected heterozygosities (Heyxp) were calculated for all loci and ranged from lowest 0.268
(Micl8 ALT) to highest 0.732 (Mic20 ALT). The average heterozygosity (Hawe) was
determined to be 0.481 for all loci and thus produced a value of 5.776 for the marker index

from an EMR of 12.

28

© University of Pretoria



100

o
e
/

RI

13

{88
i —|9—m
{65
l—{z 7 40

1324

RII

)

28
19 {58

I 4 \
{27
1 g%

7 : LRI
100 5%8

e P {To= Mwmmnﬁj%ﬁ S B RISV ST LR ERES AR RN

oo
o

=

=00

N

[ T T T T T T T T T T T T T T T T T T T |
041 033 0.65 077 059

Co=fficient
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Table 4.2 - Calculated PIC and Hey, values for the microsatellite markers used in this study.

Primer Label PIC 'Exp. Heterozyg. (Hex)
Mic7 ALT 0.812 0.592
Mic9 ALT 0.576 0.535
Mic23 ALT 0.605 0.521
Micl0 ALT 0.587 0.282
Micl5 ALT 0.665 0.463
Mic20 ALT 0.722 0.732
Micé ALT 0.634 0.578
Micl8 ALT 0.53 0.268
Mic8 ALT 0.457 0.366
Micsa ALT 0.581 0.507
Micl6 ALT 0.789 0.662
Micl2 ALT 0.278 0.271

Average 0.598 0.481

*Calculated for co-dominant loci.

Similarity indices were determined from the 76 microsatellite amplicons produced, ranging
between 0.030 and 0.826, with an average of 0.308. The lowest index of 0.030 was
determined for the genotypes Mo019 and MoF1ldl and the highest, 0.826, for genotypes
Mo30 and Mo32 when analysed with microsatellite primers. Cluster analysis of the
microsatellite marker system separated the genotypes into six major clusters (SI, SII SllI,
SIV, SV and SVI) (Figure 4.3). The first cluster contains four sub clusters, where sub clusters
one, two, and four having S.A. accessions and sub cluster three Mo3, MoHI4 and MoHI7.
Cluster two contains Mo35 and PKM1 genotypes (MoHI1, MoHI2, MoHI8, MoHI9 and
MolD1), with the third cluster grouping Mo23 and MolD7 together. Accession Mo50 and
remaining PKM1 genotypes were grouped into the fourth cluster. In cluster five all of the
PKM2 genotypes and M010, Mol11, Mo12, Mo13, Mo14 and Mo16 were grouped. The last

cluster grouped only S.A. accessions.
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Figure 4.3 — Microsatellite-UPGMA dendogram generated, based on the genetic similarity indices produced from binary scores of microsatellite
allele data for 71 Moringa accessions. Six major clusters, including SI, SII, SIII, SIV, SV and SVI were identified.
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4.3 Combined marker analysis

4.3.1 Similarity coefficients of combined data

The similarity coefficient of the combined dominant data sets (RAPD and microsatellite),
generated the lowest similarity index of 0.220 for genotypes MolD1 and Mol6 and the
highest index of 0.825 for genotypes MoH2 and MoH6. The average similarity coefficient
index was determined at 0.452. The UPGMA cluster analysis (Figure 4.4) based on both
RAPD and microsatellite marker data showing the relationship and diversity among the

accessions, generated groupings into four clusters (BI, BIl, BIll, and BIV).

The first cluster formed two sub clusters both containing the majority of the S.A. accessions.
The second cluster is divided up into two sub clusters, sub cluster one contains PKM1
genotypes (except MolD8 and MolD7). The second sub cluster contains all of PKM2
genotypes. Two sub clusters were generated within the third cluster, with genotypes Mo10,
Moll, Mol2, Mol3 and Mol4 within the first sub cluster and Mol16 as the outlying sub
cluster. The last cluster contains the divided remaining genotypes MolD7 and MolD8. The
pattern of sub-grouping of the clusters, which included genotypes from different cultivars and
origins, varied between the two marker systems. Bootstrap analysis from the binary data was
used to determine the robustness of the dendograms and confidence values as percentages at
each node. The percentage values were not significant and resulted in low confidence levels

for branches at certain nodes.
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4.3.2 Principle Coordinate Analysis (PCoA)

The Principle Coordinate Analysis (PCoA) carried out using both RAPD and microsatellite
marker data, generated a scatter plot of the first two principle ordinates (Figure 4.5). The first
and second principle ordinates explained 8.58% and 6.24%, respectively of variance in the
molecular data. The scatter plot revealed that the genotypes were grouped together into three
major clusters (PI, P11 and PI11) and this grouping is equivalent to the UPGMA clustering as

shown by the dendogram for both markers combined.
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Figure 4.5 — Scatter plot of principle coordinate analysis (PCoA) for 71 Moringa accessions
based on data produced by both markers systems. Three grouping were formed, PI,
PIl and PIII, with the grouping pattern similar to the corresponding UPGMA
clustering.
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According to the PCoA, the first two axes or components, being the highest amongst other
axis, represent 14.81% of the variation found. The first two groups (Pl and PII), grouped
only S.A. accessions. The first grouping (PI) corresponded to the second sub cluster within
the first main cluster (Bl) in the dendogram (Figure 4.4) produced by the combination of both
marker systems. The second grouping (PI11), identified a grouping similar to that of the first
sub cluster within cluster Bl from the dendogram containing both markers. The remaining
genotypes found in the first cluster from both markers (BI) grouped close together in both
cluster analysis and PCoA. The last grouping (PI11) contained all of the foreign genotypes
and further grouped them into PKM1 and PKM2 collections. This confirms three distinct
associations of genotypes into distinct subgroups. Some differences were found comparing
the two methods. According to the UPGMA analysis, genotypes Mol1, 13, and Mol14 were
more related to the foreign grouping than found in the PCoA (where they are grouped within
cluster PII). Similarly, instead of observing genotypes Mo49, Mo50 and Mo35 grouped
within cluster PI, as in the UPGMA analysis, they were grouped together with the foreign

samples.

4.3.3 Correlation test

The cophenetic similarity matrices were used to analyse the UPGMA dendograms generated,
for their goodness of fit by means of the Mantel test. It revealed correlation coefficient values
higher than 0.7 for the indices produced by all the markers, confirming their reliability. The
generated similarity matrices comparison to the cophenetic matrices correlated to values of
0.767, 0.790 and 0.728, for each marker system RAPD, microsatellite and the combination of
both, respectively. The correlation coefficient between the RAPD and microsatellite markers,
based on their similarity matrices, was calculated as 0.300. This shows a significant
difference in resolution power between the two markers. The correlation coefficients between

the RAPD marker and microsatellite marker to the combination of markers were determined
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as 0.853 and 0.748, respectively. The molecular markers, RAPD and microsatellite were
compared on the basis of different criteria (Table 4.3). The high level of polymorphism
compared between the two marker system i.e. RAPD and microsatellite in detecting alleles
revealed that the microsatellite marker was very effective in polymorphic detection. By
defining the level of polymorphism, the information content of the marker, and the extent to
which the assay can identify multiple polymorphisms can give a clear estimate of the
marker’s utility. The marker indices (MI) were calculated and distinguished the microsatellite
marker system from the other, due to the level of polymorphisms detected from the samples.
However, the use of PAGE gels increased the EMR index and the extent to which multiple

polymorphisms can be detected.

Table 4.3 - Comparison of the components used for evaluating each marker system within
the analysed data set.

Component RAPD Microsatellite
No. accessions 71 71
No. assays/primer combination 12 12
No. polymorphic markers 9 12
'Mean No. of alleles per marker 5.42 6.5
?Average heterozygosity (Hawe) 0.438 0.481
$Fraction of polymorphic marker (8) 0.75 1
Effective Muliplex Ratio (EMR) 6.75 12
“Marker Index (M1) 2.959 5.776

!Average number of alleles that were observed from both fragment analysis and gel visualisation. 2
Calculated Y (Hexp) Was divided by the number of polymorphic primer combinations (n). * The number
of polymorphic markers (n) divided by the total number of markers. * Marker index determined for
both markers using the Effective Multiplex Ratio (EMR) and Fraction of polymorphic markers (f3).

4.3.4 Genetic diversity analysis

The Shannon-Weaver (1) diversity indices were evaluated among the five collections and

ranged from lowest 0.172 (India with PKM2 cultivars) to highest (S.A. accessions) 0.390 and
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an average of 0.270. The Nei’s genetic diversity indices (h) were calculated from the lowest
for the Indian collection with PKM2 cultivars only to the highest for the S.A. accessions,
0.117 to 0.253 respectively. The average genetic diversity (h) was determined at 0.179 among

the collections (Figure 4.6).
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Figure 4.6 — Genetic diversity values for each collection from their respective origins and
cultivars estimated according to Shannon-Weaver (I) and Nei’s (h) diversity
calculations.
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5. Discussion
5.1 Primer efficiency

The genome of Moringa oleifera has not been sequenced yet, but advances in genomic
research have provided new tools, such as molecular markers, that have become essential for
crop improvements [18]. The value of a molecular marker technique is dependent on the
efficiency of the markers to detect the amount of polymorphisms among the set of genotypes.
The different marker systems used in this study are both based on DNA amplification by
PCR and due to the nature of the primers and reaction used. It was expected that they would
differ in the specific sequences targeted and in the number of amplified sequences. The
comparison of these techniques, with respect to the eliciting of unique groups and level of
polymorphism generated in each case would give a clear indication of the value of these
markers within this data set (Table 4.3). There are many parameters to consider for the utility
of markers in each crop species before large-scale characterisation and assessment of
germplasms can be attempted. Therefore, this study focused on the comparative evaluation of
different PCR-based molecular marker systems (RAPD and microsatellite) and their potential
use for fingerprinting and assessing the genetic diversity among accessions of Moringa and
cultivars PKM1 and PKM2. Comparative studies in major oilseed crops involving both
RAPD and microsatellite markers have been successfully used by various researchers [45;
57] and has recently spread to the genetic diversity study of Moringa [84]. Genetic diversity
studies using the individual PCR based marker systems have found to be more common in

diversity studies of Moringa [2; 18; 60; 61; 83; 87; 95].

In this study the RAPD primers generated higher number of polymorphic bands compared to
other studies conducted on Moringa [2; 18; 84]. This higher number of polymorphic detection
could be due to the efficient separation of the bands on a poly-acrylamide gel and agrees with

the study conducted by [83], where 3% MetaPhor agarose gels were used to resolve the
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bands. Average percentage of polymorphism (59.44) was found to be similar to earlier
studies of da Silva et al. [18], even though the better gel separation produced higher
resolution for RAPD markers. Slight issues were observed for the reproducibility of a few
bands, thus ambiguous bands were not counted and remained useful as well as informative.
However, microsatellites generated a higher number of polymorphisms compared to RAPDs,
which was expected as the level of polymorphic detection for microsatellites is mostly due to
the sensitivity of detection from the capillary analysis for each assay, the ability to detect co-
dominant and the high level of polymorphisms within the sequence repeat. Thus, the
fragment analysis would produce a higher percentage of polymorphism. Microsatellites do
require a considerable amount of effort to determine DNA sequences, defining the
microsatellite loci and the laborious process of screening markers for polymorphism within
the population, before they can be exploited. Once both these approaches were optimised, a
high degree of polymorphism was observed for the DNA profiles however low levels of
polymorphism remained among the varieties PKM1 and PKM2, showing that considerable

inbreeding and selection have taken place.

The marker index, as well as the effective multiplex ratio, for each marker system was
measured as an overall estimate of marker efficiency in polymorphism detection. The higher
marker index produced by the microsatellite marker system (5.776) was due to the effective
multiplex ratio of 12, because similar efficiencies of detecting heterogeneity, 0.438 and
0.481, for RAPD and microsatellite respectively were estimated. As suggested by Powell et
al. [76], the marker index may be used to predict the relative utilities of different marker
types for unknown germplasms within the same species. This is due to the fact that as an
overall measure of utility it can be applied to different experimental situation where the
average expected heterozygosity (Have) and EMR is calculated, even though those parameters

are calculated according to the germplasm and experimental conditions of the individual
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study under investigation, respectively. The marker utility values for RAPD markers are
consistent with other studies in Moringa [84]. Estimates of microsatellite marker index values
were consistent with other studies, such as soybean [76] and Finger Millet [73], but no
estimates for microsatellites in Moringa have previously been done. The identification and
distinction of common genotype profiles from both marker systems within this set of data,
facilitates the identification of a unified marker system that could be used for varietal

fingerprinting of Moringa crops as suggested by Datta et al. [20].

5.2 Marker system correlations

The scoring of RAPD markers may be prone to errors, such as bands that are absent or
present, scored as being similar due to their similar fragment mobility on gels, compared to
the scoring of microsatellites via fragment analysis and their co-dominant detection of
polymorphisms. This would lead to an overestimation of relatedness between distantly related
individuals [77]. With the low correlation observed between the two marker systems in this,
scoring could potentially have played a role in the analysis of relatedness using RAPD’s.
Another consideration is the regions which are targeted along the genome that may be

affected by the evolutionary mechanisms involved as suggested by Powell et al. [77].

5.3 Population variation

High levels of genetic variation were observed from the clustering analysis of each marker
among the S.A. accessions based on Jaccard’s similarity coefficients. The clustering
generated varied between the two marker systems for the 71 accessions but allowed for the
successful distinguishing between cultivars PKM1 and PKM2, based on the similarity
coefficient and cluster analysis. None of the PKM2 genotypes fell under the same grouping
with the PKM1 genotypes showing a relationship of genetic identity and not geographical

origins. The use of both marker systems in combination generated better resolution for the
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clustering of genetic variation, separating them from the South African collection and

establishing three distinct groups.

The PCoA is a two dimensional representation of the scalar products of similarity matrices
and the relative relationships between individuals. This supported the major groupings of the
UPGMA dendogram generated by RAPD and microsatellite markers in combination. The
S.A. accessions found in the two clusters from the PCoA (Pl and PII) could potentially be
used in breeding efforts and conserving germplasms as they are found to be genetically
distinct. This clustering of genetic relationships observed suggests different sources of
germplasm sourced to the S.A. collection. In Kenya, AFLP studies on Moringa revealed two
sources of introduction from Indian origins [61]. The Jaccard’s similarity coefficients based
on both RAPD and microsatellite markers, 0.220 and 0.825, were found to be similar to that
generated by Saini et al. [84] . They investigated the genetic diversity of commercially grown
Moringa cultivars from India using RAPD, ISSR and cytochrome Pjso-based markers and
observed high genetic diversity among the cultivars with low distinction between

geographical origins.

The Shannon-weaver information and Nei’s diversity indices generated higher values, 0.390
and 0.253 respectively, in comparison to foreign collections, which supports the assumption
that higher levels of genetic diversity are observed in established out-crossing species. As
seen in genetic variation between populations, approximately 10-20% have been found to be
attributed to out-crossing nature of certain plants, maintaining most of their variation within,
when compared to in-breeding plants [37]. The observed variation may be potentially
attributed to founder effects or genetic drift. The lower diversity observed for foreign
genotypes, could be due to the low sample size and can be seen by the clustering of these
genotypes from different origins. These genetic diversity values are in congruence with

genetic diversities estimated for Moringa in a study done by Mgendi et al. [56]. They
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investigated the genetic diversity between and within cultivated and non-cultivated
provenances of Moringa by using RAPD markers and they observed higher genetic diversity
within the wild genotypes. In a study done by Manoko et al. [53], it was shown that the
cultivated genotypes were exposed to optimum environments which lead to reduced
competition and natural selection, and ultimately leading to lower genetic changes. The
variation observed for the genetic diversity indicators analysed suggests that accessions found
within the South African collection of Moringa are not strictly inbred and are appropriate

candidates for future improvement strategies.

The RAPD primers 3b, 4, 5 and 10 would be good candidates to be used further in genetic
studies due to their high detection of quality polymorphisms for those markers. Another
measure for their informativeness was observed in the estimated heterozygosities. The RAPD
marker system also has the advantage of being a quick and simple genetic analysis tool for
initial screening of a collection and should perhaps be considered for that purpose compared
to microsatellite analysis. These markers separated the underlying sub-groups which show its
capability at detecting variation within groups. The microsatellite markers had mixed
polymorphism informativeness, which is understood as mechanisms involved in DNA
variation on different components that are being detected by certain microsatellite markers
Powell et al. [75]. Thus marker Mic7 ALT, Mic23 ALT, Micl5 ALT, Mic20 ALT, Mic6
ALT and Micl6 ALT could be used to continue the genetic analysis of Moringa. It has also
been suggested by Powell et al. [76] that with too large values of similarity, the efficiency of
microsatellite markers decrease. In addition, a drawback for microsatellite fragment analysis
is its labour intensive pre-screening and panel development. However in this study these
markers have been optimised and a platform developed for future screening genetic
relatedness in Moringa. By selecting a smaller group of microsatellite markers with high

informativeness it would be sufficient in estimating further analysis. They can be utilised in
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the design of plant breeding programs as well as multiple genomic studies on Moringa,

including genetic mapping of agronomical traits and management of genetic resources.

On recommendations of further genotyping i) more samples from the S.A. collection as well
as from different ecological regions to look at genetic variability adapted to those settings; ii)
more of the foreign samples irrespective of origins and including more cultivars; and iii)
including different species to verify if some of these markers are species specific probes, will
essentially improve the outcome of the study of genetic relationships among Moringa. With
these microsatellite markers, pollination biology could be further investigated due to their co-
dominant nature and good utility shown as seen by its marker index which can aid in
planning breeding programs. Another prospective avenue to target using these markers would
be the identification of links between agronomic important traits and these molecular markers
for marker-assisted indirect selection in the development of new lines as the South African

accessions showed distinct separate grouping from the already established cultivars.
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6. Conclusion

The characterisation of genetic variability among seed orchards will aid in conservation to
uphold genetic diversity, for plant breeding evaluating varieties and cultivar development
[18; 22]. Furthermore, due to Moringa’s mixed mating system it is beneficial to clarify
genotypes or cultivars and genetic markers as an efficient way of evaluating the genetic
variability among genotypes, especially when no genome sequence is available. Key criteria
for screening successful markers are their informativeness and the ease of their assays. In a
comparative analysis of RAPD and microsatellite, the microsatellite marker was found to be
the better marker as it was highly informative due to the higher information content with an
average PIC value of 0.598, average heterogeneity and Marker Index (5.776). The RAPD
marker system was found to be less efficient, with a lower utility and information content.
These finding are consistent with that of previous studies on Moringa and Eleusine coracana
[73; 84]. In the dendogram using both markers, cultivars from foreign origins were
distinguished from each other as well as two groupings within the S.A. collection that
generated three distinct clusters. Grouping of accessions revealed relationships according to
distance instead of geographical origins. This was supported by the similar pattern obtained
from the PCoA. The variability observed among the South African accessions could

potentially be exploited in plant breeding programs.
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Annex

Al.1 - Gel electrophoresis of RAPD primer 5 on Moringa samples 1-14 (S.A.).
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Al.2 — Gel electrophoresis of RAPD primer 5 on Moringa samples 15-28 (S.A.).
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Al.3 — Gel electrophoresis of RAPD primer 5 on Moringa samples 29-42 (S.A.).

L 29 30 31 32 33 34 35 36 37 38 39 40 41 42

1.7kb
~“-‘kuuuu_ \ -d
"‘HUuuuUUL—Juu--wwH
¢ -
(|
N u ! 4 k‘ u u u
0.4kb
Al.4 — Gel electrophoresis of RAPD primer 5 on Moringa samples 43 to 45 (S.A.) and
foreign samples.
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AL.5 — Gel electrophoresis of RAPD primer 5 on Moringa samples 46-50 (S.A.).
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A2.1 All RAPD primer’s scoring table for Moringa samples 1-50.

R5-1500bp

R5-1700bp

R4-620bp

R4-900bp

R4-1100bp

R3B-400bp

R3B-480bp

R3B-760bp

R3B-800bp
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A2.2 All RAPD primer’s scoring table for Moringa samples 1-50.

R6-260bp

R6-300bp

R6-400bp

R6-420bp

R5-400bp

R5-470bp

R5-550bp

R5-600bp

R5-640bp

R5-680bp
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R5-750bp
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A2.3 All RAPD primer’s scoring table for Moringa samples 1-50.

R9-640bp

R9-800bp

R9-900bp

R9-1200bp

R9-1300bp

R9-1800bp

R9-2500bp

R7-700bp

R7-750bp
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R7-1000bp
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A2.4 All RAPD primer’s scoring table for Moringa samples 1-50.

R11-880bp

R11-1150bp

R11-1170bp

R11-1190bp

R11-1550bp

R11-1600bp

R11-2000bp

R10-650bp

R10-680bp

R10-720bp

R10-1300bp

R10-1400bp

R10-1800bp

R9-600bp
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A2.5 All RAPD primer’s scoring table for Moringa samples foreign samples.

R5-1500bp

R5-1700bp

R4-620bp

R4-900bp

R4-1100bp

R3B-400bp

R3B-480bp

R3B-760bp

R3B-800bp

R3B-900bp

R3B-1200bp

R3B-1700bp

R1-580bp

R1-680bp

R1-800bp

R1-880bp

R1-1250bp
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A2.6 All RAPD primer’s scoring table for Moringa samples foreign samples.

R6-260bp

R6-300bp

R6-400bp

R6-420bp

R5-400bp

R5-470bp

R5-550bp

R5-600bp

R5-640bp

R5-680bp

R5-710bp

R5-750bp

R5-800bp

R5-900bp

R5-1000bp

R5-1100bp
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A2.7 All RAPD primer’s scoring table for Moringa samples foreign samples.

R9-640bp

R9-800bp

R9-900bp

R9-1200bp

R9-1300bp

R9-1800bp

R9-2500bp

R7-700bp

R7-750bp

R7-850bp

R7-950bp

R7-1000bp

R7-1100bp

R7-1500bp

R7-1600bp

R6-200bp

R6-250bp
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A2.8 All RAPD primer’s scoring table for Moringa samples foreign samples.

R11-880bp

R11-1150bp

R11-1170bp

R11-1190bp

R11-1550bp

R11-1600bp

R11-2000bp

R10-650bp

R10-680bp

R10-720bp

R10-1300bp

R10-1400bp

R10-1800bp

R9-600bp
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A3.1 Similarity indices of all Moringa samples based on RAPD
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A4.1 SSR allele data set.

O©CoOoO~NOAaOPrWNE

Hi1
HI2
Hi4
HI7
HI8
HI9
H2

He
H7
H8
H9

SSR7
287
279
283
283
283
279
289
279
285
285
285
285
285
287
291
285
285
285
285
281
281
283
295
289
285
281
281
279
289
279
283
279
279
279
287
279
283
283
283
283
279
279
279
289
283
289
289
283
289
289
283
283
283
287
285
285
287
285
285
287
283
283
285
287
283
285
285
285
285
285
285

SSR7
2901
279
283
289
283
279
283
289
281
285
285
285
285
287
287
285
291
291
291
285
285
289
291
289
281
289
281
289
283
285
289
279
279
283
285
279
287
291
289
289
289
279
279
179
289
289
283
283
289
293
287
283
283
281
285
283
285
285
285
287
287
283
283
283
287
285
287
289
285
295
295

SSR9
197
205
197
197
197
195
195
195
205
195
197
195
197
195
197
195
197
197
197
195
195
197
197
197
195
197
195
197
197
195
195
197
197
195
197
205
197
205
197
197
197
195
197
205
197
197
197
197
197
195
195
195
195
203
207
207
203
197
197
205
205
197
205
205
197
197
195
197
197
197
197

SSR9
197
205
197
197
197
205
197
205
195
197
195
197
195
197
197
197
197
197
197
205
197
197
197
197
205
197
205
205
197
197
205
195
205
205
205
197
197
195
197
197
205
195
205
195
197
197
197
195
197
197
205
195
195
203
195
207
197
197
205
197
203
205
205
205
205
197
197
197
205
197
197

SSR23
159
159
161
159
159
161
169
159
171
169
169
169
169
165
159
165
159
159
159
159
159
159
159
159
159
171
159
159
159
169
159
169
171
159
181
171
159
159
159
159
171
171
171
159
159
159
159
171
171
171
171
169
157
171
157
157
159
171
161
171
171
171
171
171
169
171
171
161
171
171
171

(02&&

N
unNI
Yu

SSR23
171
159
171
159
171
171
171
171
171
169
169
169
169
171
183
171
159
159
159
171
171
159
159
171
171
171
171
171
159
171
171
171
171
171
171
159
171
171
159
159
171
171
171
159
171
159
159
171
171
171
161
171
171
171
157
171
171
171
159
171
171
161
161
161
171
171
171
171
171
159
159

UNIVERSITEIT VAN PRETORIA
VERSITY OF

PRETORIA

NIBESITHI YA PRETORIA

SSR10
133
133
133
131
131
133
131
131
133
131
131
131
131
131
133
131
133
131
131
131
133
131
133
133
133
133
133
131
131
131
131
131
131
131
133
131
131
133
131
131
133
133
133
133
133
131
131
131
131
131
125
131
131
133
131
131
133
131
125
125
125
133
133
125
133
125
125
125
125
131
131

SSR10
133
133
133
131
131
133
131
133
133
143
143
143
143
143
133
143
121
131
131
133
133
131
133
133
133
133
133
133
131
133
133
133
133
133
133
133
133
133
131
131
133
133
133
133
133
131
131
131
131
131
125
131
131
133
131
131
133
131
125
125
125
125
133
125
125
125
125
125
125
125
131

© University of Pretoria

SSR15
127
121
121
127
127
127
121
129
129
129
129
129
125
125
127
127
127
115
119
123
121
127
121
121
121
121
121
121
129
121
121
121
121
121
121
121
129
121
129
129
121
129
121
121
129
121
129
121
121
129
121
121
121

129
129

129
125
121
129
125
121
129
129
129
129
129
129

SSR15
127
129
129
127
127
129
129
129
121
129
129
129
129
129
127
129
127
127
125
125
129
127
121
129
129
121
121
121
129
129
129
129
129
125
121
129
121
121
129
129
121
121
121
121
129
121
121
121
121
129
121
121
121

129
129

121
121
129
121
121
129
129
115
129
129
115
129

SSR20
124
112
112
118
118
120
112
118
112
118
112
112
112
112
118
118
118
112
124
112
112
118
112
112
112
112
112
110
124
118
112
112
112
112
112
112
112
112
118
124
112
112
112
112
112
122
124
122
118
118
118
118
118
112
112
120
114
120
112
120
118
118
112
120
112
120
114
120
114
118
118

SSR20
124
120
112
118
124
120
120
120
112
120
112
120
120
120
124
122
124
124
118
114
120
124
118
112
120
118
112
112
124
120
120
120
120
112
112
120
120
112
124
124
120
112
120
112
120
124
118
124
124
118
114
114
114
118
112
114
120
120
120
118
112
112
118
112
112
118
120
118
120
120
120

61



A4.2 SSR allele data set.
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Ab5.1 SSR converted binary data set.
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Ab5.2 SSR converted binary data set.
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Ab5.3 SSR converted binary data set.

16-136

16-134
16-132
16-130
16-128
5a-145
5a-137
5a-135
5a-133
5a-131
5a-123
8-164
8-162
8-154
18-95
18-91
18-89
18-87
18-85
18-83
18-81
6-110

6-108

Moringa
samples

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
M
42
43
44
45
46
47
48
49
50

65

© University of Pretoria

H4
H6
H7
H8
Ho
1
15
17



NIVERSITEIT VAN PRETORIA
NIVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

&

Q U
u

- v

A5.4 SSR converted binary data set.
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A7.1 Similarity indices of all Moringa samples based on both RAPD and SSR data.
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