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Abstract

Aflatoxins are lethal and carcinogenic secondary metabolites produced mainly by fungi of the
Aspergillus genus, key among which is Aspergillus flavus. Previous research has shown that
Ugandans are chronically exposed to these carcinogens and yet breeding A. flavus resistant
varieties can be a sustainable solution to this problem. This study aimed at providing novel
knowledge to groundnut breeders on which genes are suitable to silence in A. flavus so as to
inhibit its growth using the RNAI technique triggered by dsRNA. Ten A. flavus isolates were
isolated on Modified Rose Bengal Agar from 43 groundnut seed samples collected from
Tororo, Soroti and Kamuli districts in Eastern Uganda and an Agraquant total aflatoxin
ELISA kit was used to determine the amount of aflatoxins they produce. Only one isolate was
non-toxigenic while others produced total aflatoxin ranging from five to over 2000 parts per
billion. Thus there is diversity in A. flavus based on aflatoxin production ability. To
determine the suitable genes for RNAI silencing in A. flavus, dsRNAs specific to 13 essential
genes were transcribed in vitro using a T7 transcription kit. A. flavus spores were then
exposed to these dsRNAs or sterile water for the controls and plated on Y strength PDA.
Percentage spore growth inhibition was calculated and this spore growth inhibition data was
subjected to ANOVA. Spore growth inhibition was significantly higher in all spores treated
with dsRNAs targeting A. flavus essential genes in comparison to the controls treated with
sterile water (df = 13, p < 0.001). Amongst the dsRNA treatments, silencing UBI, COH, 26s,
ATP, PPK, IMP and ABC genes resulted in significantly higher spore growth inhibition than
silencing GTT, HEL, PTRs, EXP, DRF and MOT genes (df = 13, p < 0.001). This study thus
recommends UBI, COH, 26s, ATP, PPK, IMP and ABC as the suitable genes for RNAI
silencing of A. flavus in vivo and also recommends a follow up study to establish the

molecular basis for A. flavus diversity based on aflatoxin production ability.



CHAPTER 1: INTRODUCTION
1.1 Background

Filamentous fungi produce many secondary metabolites, some of which have tremendous
impact on society for example some are exploited for their antibiotic and pharmaceutical
activities while others are involved in disease interactions with plants or animals (Fox et al.,
2008). The secondary metabolites involved in such disease interactions are known as
mycotoxins. These are small molecules that to date have not been proven to be essential for
normal growth or development of the fungi. Thus the importance of these secondary
metabolites to the fungi that produce them remains a mystery (Fox et al., 2008). These toxins
are introduced into human and animal food through direct infestation of edible plant tissue by
toxigenic fungi, which produce toxic secondary metabolites. This contamination is especially
worrying because many mycotoxins can survive food processing procedures like very high
temperatures above 100°C (Scott, 1991).

There are currenty more than 400 mycotoxins known, amongst which 6 major classes
frequently occur; Aflatoxins, Trichothecenes, Fumonisins, Zearalenone, Ochratoxins and
Ergot alkaloids (Richard et al., 2003). This study focused on Aflatoxins which are very
dangerous if ingested by humans and animals. Aflatoxins for example if consumed in large
quantities can cause acute aflatoxicosis which results in to quick human death. For example
in 2004, in Kenya, 125 people died after ingesting aflatoxin contaminated maize (Lewis et
al., 2005). They could also cause massive animal death as was the case that led to their
discovery in the 1960s when about 100,000 turkeys in England died due to consumption of a
mold infested groundnut meal. The mold was found to be Aspergillus flavus and the toxic

compounds were termed as aflatoxins (Richard, 2008).

If ingested in lower amounts than can cause acute aflatoxicosis, they may instead cause
chronic aflatoxicosis effects like mutagenesis of the liver cells. This is because aflatoxins,
especially aflatoxin B1 are capable of binding to protein, DNA and RNA, thereby interfering
with the normal cellular functions resulting in initiation of mutagenesis (Okello et al., 2013a).
Mutagenesis of liver cells can result into liver cancer and thus these toxins are also
considered carcinogenic (David et al, 2013). Aflatoxin contamination of maize and
groundnuts was found to be one of the causative factors of liver cancer in sub-Saharan Africa
(Jemal et al., 2012).



Apart from ingestion of aflatoxin contaminated plant derived food, human exposure to
aflatoxins can also result from the carryover of aflatoxin metabolites in animal products such
as milk, meat and eggs (Richard et al., 2003) or inhalation of air and dust containing those
aflatoxins (Jarvis, 2002). However, ingestion of contaminated plant derived food is the

commonest means of human exposure to aflatoxins.

In Uganda, groundnut (Arachis hypogaea L ) is the second most consumed legume after
beans (Okello et al, 2010). Unfortunately, groundnuts are highly contaminated with
aflatoxins, and accordingly aflatoxin research in Uganda has been focused mainly on
groundnuts and maize (Kaaya et al., 2005). Kaaya et al. (2006a), reported that the
concentration of aflatoxins in groundnuts sold in the biggest markets in Kampala (St
Balikuddembe, Nakawa and Kalerwe), were found to exceed the 20 parts per billion (ppb)
limit for human consumption set by the World Health Organization (WHO). These high
aflatoxin concentrations expose Ugandans to many adverse effects key among which is liver
cancer (Jemal et al., 2012).

Apart from the health impacts, Uganda could face many negative economic impacts due to A.
flavus infestation of groundnuts and subsequent aflatoxin production, for example; yield loss
due to diseases induced by toxigenic fungi, low crop value as a result of aflatoxin
contamination, and losses in animal productivity due to aflatoxin ingestion. Aflatoxin
management, which includes aflatoxin prevention, sampling, mitigation, litigation, and
research, is also very expensive. These expenses on aflatoxin management affect the whole
food and feed supply chains, beginning with the crop and animal producers, grain handlers,

distributors, processors, consumers, and the community as a whole (Schmale et al., 2009).

There are many methods that have been proposed to control aflatoxin contamination of
groundnuts. These include pre-harvest measures like irrigation (Payne et al., 1986) and use of
bio-control agents like non-toxigenic A. flavus isolates (Cole et al., 1990). Post-harvest
methods include proper handling of kernels during drying for example avoiding of kernel
damage and drying the groundnuts on clean polythene bags or clean cemented floor, instead
of bare ground (Okello et al., 2010). Other control measures are control of insect and mite
damage (Hell et al., 2000), and adding mycotoxin binding agents such as Mont-morillonite or
bentonite clay which can effectively adsorb some of the aflatoxins (Ramos et al., 1996).
Aflatoxin deactivation by means of enzymes like esterase, epoxidase and other yeast enzymes

has also been improvised especially in animal feeds (Raju et al., 2007).


http://en.wikipedia.org/wiki/Montmorillonite
http://en.wikipedia.org/wiki/Bentonite
http://en.wikipedia.org/wiki/Esterase
http://en.wikipedia.org/w/index.php?title=Epoxidase&action=edit&redlink=1
http://en.wikipedia.org/wiki/Yeast

Other aflatoxin control methods include physical sorting, washing, heat-treatment, radiation,
and extraction with solvents (Grenier et al., 2014). All the above do not exhaustively remove
the aflatoxins from the groundnuts and most are quite expensive. Breeding of groundnut
varieties which are resistant to colonization by toxigenic A. flavus and subsequent aflatoxin
production, thus remains as the most sustainable strategy to control aflatoxin contamination
(Williams, 2006). This is because each kernel can prevent fungal attack and this resistance is
inherited. Genetic resistance can be achieved through conventional or molecular breeding,
but Okello et al. (2010) noted, that conventionally bred fungi resistant varieties are less
preferred by the local farmers. This could be attributed to the process of conventional
breeding, which involves mixing and independent assortment of very many genes. This can

result in undesired traits being inherited together with the desired traits (Manshardt, 2004).

Molecular breeding provides a better option because it preserves the parental genotype except
for the insertion of a small either coding or non-coding DNA segment which is responsible
for a specific function (Manshardt, 2004). The coding DNA fragments code for a protein,
while the non-coding DNA fragments can be transcribed into functional non-coding RNA for
example ribosomal RNA, transfer RNA and regulatory RNA which control the translation of
different transcripts (Morris, 2012).

This study was geared at determining which regulatory RNA sequences are most ideal in
inhibiting A. flavus growth by causing the degradation of a particular essential gene transcript
to which they have sequence homology in a process known as RNA interference (RNAI). The
regulatory RNA that were used in this study were double stranded RNAs (dsRNAs) which
were transcribed from the PCR amplicons of the genes that the dsSRNAs targeted. The 13
target genes were selected by a collaborating company (Venganza Plant Biotechnology and
Research) in the United States of America (USA), basing on their unpublished RNAI research
work on Aspergillus flavus isolated from maize. Transcription of dSRNA from the 13 target
genes and determination of dsRNA toxicity on fungal growth in this study was done in vitro
like in the bioassay of gene silencing constructs by Bailey et al. (2010), and this was geared
at narrowing down the number of essential target genes to be silenced in later in vivo studies.
This research thus provided new knowledge on essential genes for RNAI silencing to
effectively inhibit A. flavus growth.



1.2 Problem statement

Aflatoxins are lethal to both humans and animals when consumed in high doses (Richard,
2008; Lewis et al., 2005) and are classified as Group 1 chemical carcinogens by the
International Agency for Research on Carcinogenesis (IARC). Their concentration in
groundnuts sold for human consumption in the biggest markets in Kampala; St
Balikuddembe, Nakawa and Kalerwe, were found to exceed the 20 parts per billion (ppb)
limit for human consumption set by the World Health Organization (WHO) (Kaaya et al.,
2006a). This high aflatoxin contamination of Uganda’s second most consumed legume
(Okello et al., 2010), is one of the factors exposing Ugandans to liver cancer (Jemal et al.,
2012) cirrhosis, immune suppression and kwashiorkor among children (Prensner et al.,
2011).

Breeding of A. flavus resistant varieties is the most sustainable method of controlling
aflatoxin contamination of crops (Williams, 2006). While conventional breeding for A. flavus
resistance in groundnuts has been done, it is mainly for pre-harvest A. flavus control and
results in production of new groundnut varieties which may have other undesirable attributes
(Williams, 2006). The RNAI technique provides an alternative for both pre and post-harvest
resistance against A. flavus and subsequent aflatoxin contamination of groundnut and this
resistance can be introduced into any of the farmers’ popular groundnut varieties. Previously
RNAI has been used to silence aflatoxin biosynthesis genes and effectively reduced aflatoxin
production in groundnuts (Arias et al., 2015) but since infection of groundnut seeds with A.
flavus also causes aflaroot (Ade et al., 2010), RNAI silencing of A. flavus essential genes
presents a better option of totally preventing A. flavus growth on groundnut seeds to control
all adverse effects associated with it, key among which are aflatoxins. However, the essential
genes which if silenced, could effectively inhibit A. flavus growth had not yet been
established, and that is what prompted this study.



General objective

To identify essential genes in toxigenic A. flavus isolated from groundnuts in Uganda which

if silenced using RNA result in A. flavus growth inhibition.

1.3.1 Specific objectives

To isolate high aflatoxin producing A. flavus from groundnut seed samples collected
from Soroti, Tororo and Kamuli districts.

To synthesize 13 different dsRNAs targeting 13 selected essential genes of A. flavus
isolated from Uganda through in vitro transcription.

To determine the inhibition effect of the 13 different dsSRNAs on A. flavus spore

germination.

1.4 Research questions

Do groundnuts grown in eastern Uganda contain A. flavus isolates that produce high
concentrations of aflatoxins?

Can dsRNAs designed basing on A. flavus sequences of USA isolates be successfully
transcribed from Ugandan A. flavus isolates?

Do the different dsRNAs transcribed from the selected 13 essential genes have

different inhibition effects on A. flavus spore germination?

1.5 Significance

This study was geared at providing new knowledge to breeders of groundnuts, on the suitable

A. flavus essential genes to target with RNAI silencing so as to maximally inhibit A. flavus

growth on groundnuts and subsequent aflatoxin production. Those genes have been

established and thus this study has provided new knowledge for the development of A. flavus

resistance in different groundnut varieties in Uganda wusing the RNAI technique.



Justification

Despite Uganda having the expertise to check for aflatoxins in groundnut food products
(Okello et al., 2010), enforcement of the maximum tolerable aflatoxin concentration of 10
parts per billion (ppb) in groundnuts and groundnut products sold within the Uganda has not
been achieved. This could be attributed to the government having limited resources and most
trade in groundnut products being done informally (Okello et al., 2010). Therefore, there is
need to develop cheap and sustainable means to control these aflatoxins in groundnuts and

groundnut products sold in Uganda.

Breeding of A. flavus resistant groundnut varieties, based on the RNAI silencing of A. flavus
essential genes could inhibit A. flavus colonization of groundnuts and thus control
contamination of groundnut with aflatoxins. But there has been no study done on A. flavus
isolated from groundnuts in Uganda to determine which particular A. flavus essential gene(s)
conferred effective growth inhibition effect if targeted with RNAI silencing. Thus this study,
in which dsRNAs were transcribed in vitro, which is quicker and cheaper than the in vivo
methods when studying many genes, was required to screen through the proposed 13 A.
flavus essential genes so as to establish which one(s) effectively inhibit A. flavus spore
germination. Such genes if established would then be used by groundnut molecular breeders
to modify popularly grown groundnut varieties for resistance to A. flavus based on the RNAI
technique in vivo. These groundnuts would be both safe and consumer friendly as their color,
taste, yield, amongst other characteristics would be the same as those of the varieties from
which they were bred, except for resistance to A. flavus attack and subsequent accumulation

of aflatoxins.

1.7 Scope of the study

In this study, A. flavus was isolated from groundnut seed samples collected from Tororo,
Soroti and Kamuli districts which were purposively chosen as major groundnut growing areas
in Uganda. Transcription of dsSRNA was done in vitro and 13 A. flavus essential genes were
investigated. These were proposed as plausible effective genes for RNAI silencing by a
collaborating company that had done research on RNAI silencing of essential genes of A.
flavus isolated from maize (Venganza Plant Biotechnology and Research, Florida -

unpublished work).



1.8 Conceptual framework
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Figure 1: Conceptual framework

Double stranded RNA transcribed from different A. flavus essential genes could have

different inhibitory effects on A. flavus spore germination, mainly based on how critical the

silenced essential gene is for the fungus’ survival. This has provided new information on the

effective genes to target with RNAI silencing in A. flavus so as to inhibit its growth and

subsequent aflatoxin production in groundnuts. Those genes which when silenced with

RNAI, resulted in highest A. flavus spore growth inhibition were considered as the suitable

targets.




CHAPTER 2: LITERATURE REVIEW

2. 1 Groundnuts and their importance

Groundnuts are the second most important legumes after beans in Uganda (Okello et al.,
2013a) and they are mostly grown in the eastern and northern parts of Uganda (Kaaya et al.,
2006b). Groundnuts constitute an important part of Ugandans’ diet, since they contain 40 -
50% fat, 20 - 50% protein and 10 - 20% carbohydrate depending on the variety. Thus with
the costs of animal protein becoming increasingly high, groundnuts have become an even
more important source of protein. Groundnut seeds also contain vitamin E, niacin,
magnesium, zinc, iron, riboflavin, thiamine, calcium, phosphorus, and potassium (Savage et

al., 1994) which are all very important in the human diet.

Groundnuts are grown mainly in the northern, eastern and southern parts of the country, with
the eastern region being the highest producer. In Northern and Eastern Uganda, groundnuts
are produced mainly on light, loose and sandy loams, but in Southern Uganda they are also
grown in clay loams. In Uganda, groundnut growing primarily depends on rainfall Apart
from the Northern region which experiences one long rainy season (April - October),
groundnuts are grown during two rainy seasons in the southern, eastern and central regions,
with highest production in the first season. The first harvest is during the dry periods in July
and the second is in the November - December dry season. The first rainy season, which lasts
from March to June, has more reliable rain than the second rainy season from August to
September (Nalyongo et al., 1987). Groundnuts grown in Uganda are either bunchy or
spreading. While both types are grown, farmers tend to prefer growing bunchy types because
they are usually early maturing and easier to harvest (Nalyongo et al., 1987).

2. 2 Groundnut pests and diseases

There are many groundnut pests and diseases, some attacking the crop during pre-harvest,
drying or during storage. The diseases are caused by bacteria, viruses, fungi and nematodes.
The commonest bacterial disease is bacterial wilt caused by Pseudomonas solanacearum.
Viral groundnut diseases include peanut clump caused by furovirus, groundnut yellow mosaic
caused by Geminivirus, peanut chlorotic leaf streak caused by caulimovirus while
cucumovirus causes peanut stunt (Sreenivasulu et al.,, 1991). On the other hand many
nematodes parasitize groundnuts for example root-knot nematodes (Meloidogyne arenaria,

Meloidogyne hapla, Meloidogyne javanica), root lesion nematode (Pratylenchus



brachyurus), ring nematode (Macroposthonia ornata), sting nematode (Belonolaimus

longicaudatus), and testa nematode (Aphelenchoides arachidis) (Singh et al., 1992).

There are also many fungal groundnut diseases which can be broadly grouped as either, seed
rots and seedling diseases, or foliar diseases. Foliar fungal diseases include rust (Puccinia
arachidia Speg.), late leaf spot (Phaeoisariopsis peraonata), and early leaf spot (Cercospora
arachidicola). Fusarium solani and Fusarium oxysporum also cause wilt in groundnuts
(Singh et al., 1992). Seed rots and seedling diseases are mainly caused by Rhizopus arrhizus
(gray spores), Aspergillus niger (black spores), Penicillium sp (green or blue spores) and A.

flavus (yellow-green spores) which produces aflatoxin and causes aflaroot of groundnuts.

Aflaroot symptoms include appearance of yellow-green spore heads of the A. flavus on the
groundnut cotyledons after the emergence of seedlings. The A. flavus is translocated
throughout the seedling in the transpiration stream. Infected plants generally become stunted
with symptoms of wvein clearing chlorosis on the leaflets. Such seedlings lack a secondary

root system, a condition known as “aflaroot” (Singh et al., 1992).
2. 3 Aspergillus flavus mycotoxin production and accrued economic burden

The Food and Agriculture Organization (FAO) estimates that 25% of the world's crops are
affected by mycotoxins each year, with annual losses of around 1 billion metric tons of foods
and food products (Schmale et al., 2009). Plant infection with A. flavus and subsequent
aflatoxin production lead to economic losses in four main ways; yield loss due to diseases
induced by A. flavus for example aflaroot, reduced crop value resulting from aflatoxin
contamination, losses in animal productivity from health problems related to aflatoxins and
human health costs. Therefore it is very important to manage these mycotoxins, but
mycotoxin management is also very costly for example the estimated cost of mycotoxin
management in the USA and Canada in 2008 was $5 billion (Schmale et al., 2009). In west
Africa region for example groundnut export has decreased since 1960 while so many losses
are made due to aflatoxin contaminated groundnut products in South Africa where aflatoxins

in Food are regulated (Anthony et al., 2012).

In Uganda however, aflatoxin management costs have not yet been incurred by most
groundnut farmers and traders because they mainly sell their groundnut produce locally , and
in addition, Uganda National Bureau of Standards (UNBS) has not yet been able to enforce
the loppb maximum aflatoxin concentration limit in food that it set (Okello & Kaaya, 2010).

Therefore the main aflatoxin burden in Uganda is felt in terms of the health implications that
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the aflatoxins pose on the Ugandan population, key among which is liver cancer which in
2008 was the leading cause of cancer deaths among men in Africa and third in women (Jemal
et al., 2012). Worldwide the highest number of hepatocellular carcinoma cases which were

attributed to aflatoxin consumption were recorded in Nigeria (Liu et al., 2010).
2.4.0 Types of Mycotoxins

There are currently more than 400 mycotoxins known, amongst which six major classes
frequently occur; Aflatoxins, Trichothecenes, Fumonisins, Zearalenone, Ochratoxins and
Ergot alkaloids (Richard et al., 2003). Different fungi produce different types of toxins for
example; Aspergillus flavus, Aspergillus parasiticus, Aspergillus nominus and Aspergillus
psuedotamarii produce aflatoxins (B1, B2, Gi1 and G2). Aspergillus ochraceus produces
Ochratoxins, Fusarium proliferatum and Fusarium verticilliodes produce fumonisins, while
Fusarium graminearum, Fusarium culmorum and Fusarium sporotrichioides produce
Zearalenones (Weidenborner, 2001). Penicillium species produce ochratoxin A, citrinin,
patulin, Pr toxin, poguefortine and pentirem A. Claviceps species produce penitrem A,
clavines, lysegic acid and ergopeptines. The Neotyphodium species produce toxins known as
ergot alkaloids, lolines and peramine while the Pithomyces species produce sporidesmin
(Weidenbdrner, 2001). Focus in this study was placed on A. flavus whose most dangerous
toxin is aflatoxin Bi (AFB1) and B2 (AFB2).

2.4.1 Aflatoxins’ history, structure and toxicity

Aflatoxins in general were discovered in the early 1960s. They were isolated and
characterized after the death of about 100,000 turkeys in England, whose death was
associated to the consumption of a mold-contaminated peanut feed (turkey X disease). The
mold in the feed was found to be A. flavus and the toxic components in the groundnut meal
came to be known as aflatoxins (Richard, 2008). Afilatoxins are secondary metabolites of
mostly two fungi; A. flavus and A. parasiticus but other Aspergillus species like A. nomius, A.
pseudotamarii, A. bombycis, A. ochraceoroseus, and A. australis also produce aflatoxins
(IARC, 2002). The major aflatoxins are Bi, Bz, Gi1, and Gz (based on their blue or green
fluorescence under Ultra Violet (UV) light). Others are M1 and M2 which were isolated from

milk and dairy products (D'mello et al., 1997).

Aflatoxin B: is not only the commonest, but the most genotoxic amongst aflatoxins and the
most potent natural carcinogen known (Zain, 2011). It is mostly produced by both A. flavus

and A. parasiticus, and is most prevalent in groundnuts and maize. The chemical structure of
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Aflatoxin Bz is the dihydroxy derivative of Aflatoxin B1 as shown in Figure 1, but both
aflatoxins B1 and B are detected by blue fluorescence under UV-light. Also both Aflatoxin
B:1 and Aflatoxin B2 have metabolites isolated from milk namely; Aflatoxin M1 and Aflatoxin
M: respectively. Aflatoxin M1 is a 4-hydroxy aflatoxin B1, while Aflatoxin M. is 4-dihydroxy
aflatoxin B2. Aflatoxin G1 and aflatoxin G 2 are exclusively produced by A. parasiticus and
they emit a yellow-green fluorescence under UV-light. Like in the Aflatoxin B series,

Aflatoxins G is the dihydroxy derivative of Aflatoxin G as shown in Figure 1 (Zain, 2011).

Aflatoxin B, Aflatoxin G, Aflatoxin M,

Figure 2: Chemical structure of aflatoxin B1, B2, G1, G2, M1 and M (zain, 2011)

The different mycotoxins are differentiated in terms of their chemical structure (Fig.1) and
accordingly their adverse effects differ. Aflatoxins in general are associated to the following
deleterious effects; carcinogenicity, genotoxicity, nephrotoxicity, hepatotoxicity,
oestrogenicity, immune suppression, reproductive disorders or even dermal disorders
(Bryden, 2012). Given that each Aflatoxin has a different molecular structure, each causes
different adverse effects or the level of severity of the same adverse effect may differ. Despite
the influence of many factors for example species, sex, breed, age, health, immune status and
possible synergism between mycotoxins simultaneously present in feed or food, on the type
and magnitude of the mycotoxin effects (Richard, 2007), Aflatoxin B1 remains the most

potent genotoxic and carcinogenic of all the known aflatoxins.
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2.5.0 Measures for aflatoxin control in groundnuts

Different researchers have proposed various solutions to control A. flavus groundnut infection
and subsequent aflatoxin production. These can be applied pre-harvest or post-harvest
although some can offer A. flavus resistance both pre and post-harvest for example breeding
resistant groundnut varieties. The pre-harvest measures include irrigation and use of bio-
control agents while post-harvest measures include proper handling and drying of kernels,
control of insect and mite infestation as well as enterosorption and chemoprotection as further

explained below.
2.5.1 Pre harvest control measures
2.5.1.1 Irrigation

Drought stress favors A. flavus attack on crops (Okello et al., 2010). This is because drought
causes strains on pods and testa, and this provides entry points for fungal infection (Okello et
al., 2010). For example in a four year experiment by Payne et al, (1986) on the effect of
irrigation on aflatoxin crop contamination, aflatoxin levels in the non-irrigated treatment were
significantly higher than in all irrigated treatments (Payne et al., 1986). Thus irrigation or
timely planting of groundnut varieties whose maturity period fits in the rainfall cycle could

reduce groundnut aflatoxin contamination that would have resulted from drought.
2.5.1.2 Bio control agents

As bio-control agents, non-toxigenic strains of A. parasiticus or A. flavus, which ideally
occupy the same ecological niche as the toxigenic strains, are the best option. Using other
bio-competitive agents for example bacteria could have been effective, however, they
become inactive under the extreme conditions of high temperature and drought, associated
with pre-harvest aflatoxin contamination, implying that the bacteria do not share a similar
ecological niche. Thus they would not be good bio competitive agents. A three year research
by Cole et al (1990), at the United States of America’s National Peanut Research
Laboratories (USA-NPRL) using a non-toxigenic A. parasiticus strain realized a significant
difference in aflatoxin contamination in groundnuts from the bio agent (BA) inoculated plots
than in the non BA inoculated soils (Cole et al., 1990).
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2.5.2 Post-harvest control practices
2.5.2.1 Moisture content, relative humidity and temperature control

Drying of seeds to very low moisture content helps in controlling mold growth on stored
seeds. This is because excessive moisture weakens the pods and testa, thereby providing
entry points for fungal infection (Okello et al., 2010). Temperature is also important in
determining groundnut contamination but its impact is synergistic with moisture content and
relative humidity of the stored seeds. Different fungi have different optimum temperatures for
growth and mycotoxin production. Aspergillus flavus for example, grows best between 10°C
and 45°C at a relative humidity of 75% or more although the optimum conditions for
aflatoxin production are between 25°C and 30°C, at 85% relative humidity (FAO, 1998). For
fungi in general, far lower moisture content, temperature and relative humidity can control
groundnut fungal infestation and subsequent mycotoxin production therein (Okello et al.,
2010).

2.5.2.2 Handling and drying

Mechanical damage to kernels, mainly incurred during harvesting and shelling, increases
their vulnerability to invasion by storage fungi (Sauer et al., 1987). Groundnut drying should
better be done in pods. The groundnuts can be dried on a raised platform for example on
papyrus mats supported at about 1.5-meter height from the ground. Alternatively drying
would be done on a clean cemented floor or on clean polythene bags in or out doors. The
outdoor dried groundnuts should be occasionally carried in door in case of postharvest rains,
so that optimum low kernel moisture content can be achieved (Kaaya et al., 2006b; Okello et
al., 2010).

2.5.2.3 Control of insect and mite infestation or damage

Not only can insects and mites damage stored grain, but they can also aid fungi in colonizing
grain for example by carrying and spreading fungal spores in the stored grain. Due to insect
damage, toxigenic fungi can infect growing crops and may consequently produce toxins prior
to harvest, when harvesting or during storage (Okello et al., 2013a). The metabolic heat and
water of insects can increase the water activity and temperature of stored grain, thus making
it suitable for fungal growth. It is thus important to control insect and mite attacks both pre
and post-harvest (Hell et al., 2000).
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2.5.2.4 Enterosorption and chemoprotection

These two processes can be adopted in case groundnuts are already contaminated with
aflatoxins.  Enterosorption involves mechanisms of detoxifying mycotoxins if already
consumed by animals. Chemoprotection against aflatoxin implies the use of compounds that
either improve an animal’s detoxification process or prevent the production of damage
causing compounds which would otherwise target various body parts. Development of
enterosorption and chemoprotection stemmed from the discovery of some zeolytic minerals
which could selectively adsorb aflatoxins tightly enough and consequently prevent their
absorption through the intestinal walls (Ramos et al., 1996). The above methods of aflatoxin
control are rather expensive and are not easy to sustain especially in developing countries like
Uganda. The chemicals used in detoxification could also have detrimental effects on humans

and thus development of A. flavus resistant groundnuts offers a better solution.
2.5.2.5 Conventional and Molecular breeding approaches

Breeding to develop resistance against A. flavus and its mycotoxin production are preferable
to the above aflatoxin control strategies. This is because the resistance introduced into
groundnuts due to breeding is passed on from one generation to another in the crops which
makes it a cheaper and more sustainable than all the agronomical, enterosorption and
chemoprotection methods. This does not mean that developing resistant varieties to A. flavus
is entirely adequate to erase aflatoxin groundnut contamination caused by A. flavus, but rather

that it should be the backbone of all the other control strategies.

Conventional breeding for resistant varieties against fungal infection has been done, but with
a major weakness of the farmers disliking most of the resistant varieties on basis of their
color and taste (Okello et al., 2013a). This is because a lot of genetic material (so many
genes) is exchanged in conventional breeding, unlike in molecular breeding which is more
specific. Molecular breeding advanced quickly in groundnuts since the successful
establishment of groundnut regeneration and transformation protocols. Some transformations
have been made with whole resistance genes against fungi in groundnuts, for example a rice
chitinase gene was transformed into groundnuts to help prevent invasion by fungal
pathogens. And in the in vitro seed inoculations, the transformants showed resistance to A.
flavus infection (< 10% infection) (Prasad et al, 2013). Another very promising molecular
breeding approach is by transforming with genetically engineered dsRNA constructs which

can initiate RNAI process.
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The RNAI approach is especially desirable because it does not involve protein production
given that the otherwise produced proteins may not only be toxic to the fungi but also to
humans and animals that end up consuming the groundnuts. Secondly RNAI is sequence
specific and thus off target silencing should not be expected. The RNAI discovery and
mechanism is explained further below.

2.5.3.0 Use of RNAI as a biotechnological approach to control aflatoxin contamination

in groundnuts

In fungi, RNAiI was initially known as quelling, a phenomenon that was discovered by
Romano and Machino in 1992, when they observed that the expression of a carotenoid
biosynthesis endogenous gene, albino-1 (al-1), was attenuated by a transformation with
homologous, al-1, sequences in the fungus Neurospora crassa (Romano et al., 1992). A
similar phenomenon in plants had been reported by (Van der Krol et al. (1990); Matzke et al.,
1989) in which ectopic transgenes were found to suppress their own expression and that of
endogenous homologous genes. They referred to it as “co-suppression”. Later in 1993, RNAI
was discovered in the form of a single microRNA (mRNA) in the Caenorhabditis elegans
genome, where short transcripts from lin-4 (22-61) were found to contain complementary
sequences to a 3’ un-translated region (UTR) of lin-14. This led to the suggestion that lin-4
which regulates lin-14 effects the regulation through an antisense RNA-RNA interaction (Lee
et al,, 1993). Which means that lin-4 and lin-14 share sequence homology. Since sequence
homology between the DNA sequences associated to silencing a particular gene was common
to both quelling and co-suppression, all these phenomena were later clearly explained as
RNA interference (RNAI).

Ribo-nucleic acid interference can thus be defined as a post-transcriptional regulation of
genes through sequence specific interception and degradation of messenger RNA (mRNA)
(Mumbanza et al., 2013). The mRNA degradation is triggered by a double stranded RNA
(dsRNA) homologous to it (Nakayashiki et al., 2008). The short transcript of lin-4 was
termed as micro RNA (miRNA). Over time very many miRNAs were discovered; for
example as much as 5% of the human genome is dedicated to encoding and producing the
>1,000 miRNAs that regulate at least 30% of human genes (Jinek et al., 2009; MacFarlane et
al., 2010).

15



Currently there are three known pathways of RNAI, based on; microRNA (miRNA), short
interfering RNA (siRNA) and, PIWI-interacting RNA (piRNA). The piRNAs and miRNAs
are derived from the genome, whereas SiRNAs may be endogenous or exogenous including
viral infection sources (Carthew et al., 2009). All the three share a common mode of action.
In all, a ribonucleo-protein complex comprising an Argonaute family protein is bound to a
single-stranded ~20- to 30-nt RNA which grants specificity via base-pairing interactions with
the target gene transcript (MRNA or viral RNA). Degradation of target RNA is then effected
by argonaute protein at the point of sequence homology. In mIRNA and siRNA pathways,
the ribonucleo-protein is known as the RNA-induced silencing complex (RISC) (Wilson et

al., 2013).
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Figure 3: RNAI pathway triggered by dsRNA (Ali et al., 2010)

Ribo nucleic acid interference is very important in many vital cellular processes for example
cell growth, tissue differentiation, heterochromatin formation, and cell proliferation.
Accordingly, RNAI dysfunction is linked to cardiovascular disease, neurological disorders,

and many types of cancers (Lu et al., 2008).
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In addition, organisms could use RNAIi as a natural defense mechanism whereby they
recognize as foreign any double-stranded RNA (dsRNA) molecule and hydrolyze it with a
ribonuclease named dicer. Such hydrolysis can degrade double stranded viruses in cells too
(Niblett et al., 2012). The RNAI technique is worthwhile investigating for resistance against
A. flavus in groundnut varieties because of; the minimal side effects that would result from
eating groundnuts transformed with RNAI inducing constructs since they code for no protein.
It is also specific, and this controls for harming of off target, and probably useful

microorganisms which a protein could indiscriminately target.
2.5.3.1 Rational for targeting essential genes of A. flavus

Essential genes are ones which are critical for the survival of an organism. In other words
those are the genes that are critical to mamtain life, given that all the organism’s nutrients are
available in its environment (Zhang et al., 2009). Most essential genes have been found to
encode proteins that are involved in central metabolism, DNA replication, mRNA translation,
cellular structure maintenance and mediation of transport processes into and out of the cells
(Zhang et al., 2009). Many in vitro studies have succeeded in silencing aflatoxin pathway
genes and observed significant reduction in aflatoxin production. For example McDonald et
al. (2005), transformed A. flavus and A. parasiticus with inverted repeat transgenes (IRT)
which contained sequences homologous to aflatoxin-specific regulatory genes and thus could
initiate RNAI process in the fungi, and they successfully suppressed aflatoxin production in
both fungi. But since infection of groundnut seed with A. flavus also causes aflaroot (Ade et
al., 2010), RNAi silencing of A. flavus essential genes presents a better option of totally
preventing A. flavus growth on groundnut seeds to control all adverse effects associated with
it, key among which are aflatoxins. The essential genes silenced in this research are shown in
Table 1.
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Table 1: Target genes and their predicted biological functions and references.

Target gene

Predicted biological function

Exportin (EXP)

It mediates nuclear export of pre-microRNAs and short
hairpin RNAs (Yiet al., 2003)

Cohesin (COH)

Affects embryonic viability and separation of sister
chromatids during cell division (Pasierbek et al., 2001).

Inosine monophosphate (IMP)

Important for purine metabolism (Davies et al., 2012)

Modifier of Transcription (MOT1)

Activates and represses transcription by direct ATPase-
dependent mechanism (Auble et al., 1994)

Polyphosphate kinase (PPK)

Catalyzes synthesis polyphosphate (Poly P) (Lee et al.,
2003)

Glucose 1 Phosphate
Transferase (GTT )

Thymidylyl

Important in glycosylation (Madduri et al., 2001)

Polyubiquitin (UBI)

For germ cell differentiation (Ozkaynak et al., 1987)

Dehydration Responsive Factor (DRF7)

Transcription factor activity, sequence-specific DNA
binding (Xue et al., 2004)

Hevein-like preproprotein (HEL)

Chitin binding and ribonuclease activity (Potter et al.,
1993)

ATP-binding cassette transporters (ABC)

For making transmembrane transporter proteins which
bind and hydrolyse adenosine triphosphate (ATP) so as

to effect certain biological processes including

translocation, translation of RNA and DNA repair
(Allikmets et al., 1996).

26s rRNA

Encodes one of the ATPase subunits (Otsuka et al.,
1983)

Peptide transporters (Ptrs)

Cellular transport proteins (Tsay et al., 2007)

ATP gene family (ATP)

Provide instructions for making transporter proteins
called ATPases (Corradi et al., 2006).
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CHAPTER 3: MATERIALS AND METHODS
3.1 Study site

The study was carried out in three districts of Eastern Uganda, namely Soroti, Tororo and
Kamuli (sampling sites are shown in Figure 2). These purposively constituted the sampling
area because they are major groundnut growing areas in Uganda (Mahmoud et al., 1991).
Soroti district for example, was the greatest groundnut producer (19,599 tonnes) in 2014
(UBOS, 2015). The soils in this region are light, loose and sandy which favor groundnut
growing (Okello et al., 2013a). Rainfall is bimodal and the average annual rainfall ranges
between 1374mm to 2058mm (Kansiime et al., 2013). This annual rainfall amount is
adequate for groundnut growing since annual rainfall between 450 mm and 1250 mm is
adequate for good groundnut growth (Okello et al., 2013b). Groundnut seed samples were
picked in August 2015, while A. flavus isolation from the groundnut samples and RNAI
experiments were carried out from June 2016 at the National Agricultural Research
Laboratories (NARL) located at in Wakiso central Uganda.
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Figure 4: Map of Uganda showing the study sites
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3. 2 Study design

A cross-sectional design was used to obtain aflatoxin producing A. flavus isolates from the
study area, while an experimental design was used to determine the effect of dsRNA on A.

flavus spore germination.
3.3.0 Sampling strategy

An agricultural extension worker in each district was contacted in advance for guidance to the
different groundnut growers. A total of 14, 15 and 16 samples were systematically picked
from Tororo, Soroti and Kamuli districts respectively. About 0.5 kg of unshelled groundnuts
from each garden or home granary constituted a sample. The first groundnut garden or home
in each district was randomly chosen near the district boundary, subsequent ones were chosen
after every five kilometers, and Global Positioning System (GPS) coordinates were taken for
each place where a sample was picked using a GPS machine (Etrex-Garmin). Farmers were
first requested for oral consent after explaining the study aims before picking samples from
their fields or granaries and three thousand shillings (3000shs) compensation was offered to
them for provision of samples. Additional information about farm location and whether the
sample was got from farmer’s field or granary was recorded as indicated in the sample
collection data sheets in Appendix VI. Samples were placed in paper bags and transported at
room temperature to the National Agricultural Research Laboratories (NARL) at Kawanda.
At NARL, they were first sun dried on clean high density polyethylene (HDPE) sheets for
four days, then hand shelled and stored at 4°C until fungal isolation was done.
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3.3.1 Sample size determination

Sample size was estimated using the following formula (Metcalfe, 2001)
n=Z? P (1-P)/d?

Where, n =sample size,

Z = Z statistic for a level of confidence,

P = expected prevalence or proportion,

d = precision.

Using aflatoxin prevalence (P) of 50% and d of 15% for a preliminary study (Naing et al.,
2006) and at 95% confidence, the sample size according to the above formula by Metcalfe

(2001), was 43 groundnut seed samples.
3.4 Aspergillus flavus isolation from groundnut samples

Isolation of A. flavus involved surface sterilization of groundnuts according to Olwari et al.
(2013) but with a few modifications. Briefly, the kernels were rinsed in sterile water, soaked
in 70% commercial sodium hypochlorite for two minutes, and then rinsed three times with
sterile water. Sterilized seeds were aseptically initiated on modified Rose Bengal Agar
(prepared according to Appendix Ill) and incubated at 28°C for 48 hours. Aspergillus flavus
was morphologically identified as white mycelia with yellow-green spores (Arias et al.,
2015). Using a compound microscope, A. flavus was identified as having radiate conidial
heads which split to form bi-seriate columns, and with phialides borne directly on the vesicle
which rests on a long hyaline conidiophore, with globose and finely echinulate conidia
(Rodrigues et al., 2007). All A. flavus isolated from the same groundnut sample was

considered as one isolate.
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Confirmation of aflatoxin producing A. flavus isolates

A competitive ELISA, using Agraquant total Aflatoxin kit (1 to 20 ppb, Romer Labs) was
used to confirm aflatoxin producing isolates and even quantify the amount of aflatoxins they
produce. All procedures were according to manufacturer’s instructions as elaborated in
Appendix II. Briefly, to extract the aflatoxins: 600mg of fresh A. flavus mycelia was ground
using a clean motor and pestle in 3ml of 70/30 (v/v) methanol/water extraction solution, for 3
minutes. The solution was filtered through Whatman #1 filter paper, filirate collected and
diluted 100 times in 70/30 methanol/water solution (1 sample wvolume: 99 volumes of
methanol/water solution). Note: the following biosafety measures were taken while extracting
aflatoxins from A.flavus. All extraction was done from a Fume hood, Nitrile gloves were
worn while handling the samples, a 0.45nm pore nose mask was worn to inhibit inhalation of
A. flavus spores and laboratory eye glasses were worn to protect the eyes. Quantification of
the extracted toxins proceeded as follows: to 200pl of conjugate was added 100pl of sample
extract or standard (ie. 0, 4, 10, and 20 ppb) in dilution microwell strips placed in a
microwell strip holder and mixed by pipetting up and down three times. Then 100ul of that
mixture of sample extract and conjugate or standard and conjugate was pipetted into antibody
coated microwells and chilled at room temperature for 15 minutes. The microwell contents
were then emptied in a waste container and the microwells washed by filling with sterile
distilled water and then dumping the water from the microwell strips. This step was repeated
five times and the microwell strips were tapped on paper towels to expel as much residual
water as possible. Thereafter, 100 W of substrate was added into each microwell and

incubated at room temperature for five minutes.

A Dblue color was observed. Then 100 of stop solution was added into each microwell, and
the color changed from blue to yellow. The wells were read in a microwell reader using a
450nm filter and the obtained ODs were used to construct a dose response curve using the 5
standards as reference points. Since the amount of aflatoxin in each standard was known, the
unknown sample aflatoxin concentrations were deduced by interpolation from the standard
curve. In addition, the deduced concentrations from the standard curve for each sample were
multiplied by the dilution factor which was 100 since the original samples had been diluted
100 times. Thus for a sample whose OD lies at 1ppb on the standard curve, it’s actual

concentration was 100ppb.
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3.6.0 In vitro dsRNA transcription from different target genes of A. flavus
3.6.1 DNA extraction

DNA was extracted from seven day old cultures of aflatoxigenic A. flavus isolate KAFf 5
which was chosen for downstream assays because it produced the highest quantified total
aflatoxins. DNA extraction was done according to a modified protocol of Mahuku (2004),
shown in Appendix Ill. Briefly, 150mg of fresh mycelia was homogenized by macerating for
two minutes with a clean motor and pestle containing sterilized sea sand and 500l of TES
buffer (0.2M Tris-HCL [pH8], 10mM EDTA [pH8], 0.5M NaCl, 1% SDS and proteinase K
50pg/Ul). The homogenate was then transferred to a 1.5ml micro-centrifuge tube, vortexed
and incubated at 65°C for 30 minutes. Thereafter one half volume (250u) of 7.5M
ammonium acetate was added, and the sample was vortexed and incubated on ice for 10
minutes followed by centrifuging for 15 minutes at 13000rpm. 500ul of the supernatant was
transferred to a new tube and an equal volume of isopropanol was added, and incubated at -
20°C overnight. This was followed by centrifuging for ten minutes at 13000rpm to pellet the
DNA. The supernatant was decanted and pellet was washed by adding 800ul of 70% ethanol
and centrifuging at 13000rpm for five minutes. The supernatant was discarded and the pellet
was then left to air dry on a sterile paper towel for six hours.  The dry DNA pellet was
resuspended in nuclease free water, quantified using a Nanodrop and was then diluted to

200ng/ul and stored at -20°C for later amplification of target essential genes.

3.6.2 Amplification of target essential genes

The PCR was performed using primers specific to the 13 essential genes of A. flavus. These
primers (Table 2) were designed by a collaborating private company called Venganza Plant
Biotechnology Consulting and Research (Florida, USA), using sequences of A. flavus isolated
from maize grain samples but they did not disclose the primer designing details for patenting
purposes. To each of these primers was attached a T7 RNA polymerase promoter. By
running gradient PCRs an optimum annealing temperature of 62°C was obtained for all the
different primers. The PCR reaction mixture contained 10uM each of forward and reverse
primers (0.5ul), 5uw/ul Taq DNA Polymerase - Bioneer (0.2ul), 5X GoTag® Reaction Buffer
- Promega (4ul), 10uM deoxyribonucleotides (dNTP; 0.5ul), Dimethyl sulfoxide (DMSO)
5% of total reaction, 500mg/ul Potassium chloride (KCI; 6ul), 200ng/ul genomic DNA of A.
flavus (1ul) and then adjusted with sterile water to 20ul final volume. Sterile water was added
(1ud) instead of genomic DNA for the negative control.
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The PCR conditions were modified from Mumbanza et al. (2013) that is; five minutes initial
denaturation at 95°C, 35 cycles of 30 seconds of denaturation at 94°C, one minute primer
annealing at 62°C, 40 seconds extension at 72°C and 10 minute final extension at 72°C. The
PCR products were separated by agarose gel electrophoresis using a 1.5% agarose gel in 1X
TAE buffer (40mM Tris, 20mM acetate and 1mM EDTA) at 100 volts for 60 minutes.

The gel was stained with ethidium bromide at 0.5pg/ml final concentration and then the
bands were visualized using ultra violet light in a Gel documentation machine. The amplicons
were then excised from the gel and purified using the Gene Elute ™ Gel Extraction kit
according to the manufacturer’s instructions elaborated in Appendix IV. Briefly, the DNA
fragment of interest was excised from an agarose gel using a clean, sharp scalpel, placed in a
1.5ml Eppendorf tube and weighed. Three gel volumes of the gel solubilization solution was
added to the slice (for example for 100mg of gel was added 300ml of gel solubilization
solution). The gel mixture was then incubated at 60°C until the gel was completely dissolved.
Binding columns were prepared by placing them in 2ml collection tubes, adding 500 of
column preparation solution to each of them and centrifuging at 12000rpm for one minute.
One gel volume of isopropanol was added in to the solubilized gel mixture and this mixture
was pipetted into a prepared binding column and centrifuged at 12000rpm for one minute.
The binding column was removed from the 2ml collection tube and the flow through liquid
was discarded. Then it was returned into the collection tube and 700 of wash solution was
added, centrifuged at 12000rpm for one minute and the flow through liquid was discarded
too. Lastly the binding column was transferred to a fresh collection tube and 50 W of elution
solution was added at the center of the membrane, incubated for one minute at room
temperature followed by centrifuging at 12000rpm for one minute. The DNA contained in the
flow through was then quantified using a Nano-drop and then stored at -20°C for use in

dsRNA transcription.
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3.6.3 Transcription and Quantification of dSRNA

The purified PCR amplicons were used to synthesize dsRNAs using a MEGAscript® T7 high
yield transcription kit according to the manufacturer’s instructions (Manual, 2009), as
explained in Appendix V. Briefly, a ribonucleotide mixture was made by mixing 3pl of each
of the 4 ribonucleotides (ATP, CTP, GTP and UTP). Then 8 W of this mixture was added to
the other reaction components which included; 2W of 10X reaction buffer, 1 of linear
template, 2pl of reverse transcriptase enzyme and 7pl of sterile water for a 20l reaction. The
negative control constituted of 8ul of ribonucleotide mixture, 2pl of 10X reaction buffer, 1pl
of linear template, 9l of sterile water and no reverse transcriptase enzyme was added. The
mixture was vortexed thoroughly and then incubated at 37°C for 4 hours. To this mixture was
then added 1pl of Turbo DNase, vortexed and incubated again at 37°C for 15 minutes so as to
degrade the template DNA. This was followed by incubating at 65°C for 30 minutes to in-
activate the TURBO DNase enzyme. Quantitation of dsSRNA was done using a Nano drop
and 1yl of the dsRNA was run in 1.5% agarose gel at 80 volts for 45 minutes. Thereafter the
gel was stained in 0.5ug/ml ethidium bromide and dsRNA bands were visualized under U.V
light in a gel documentation system to ascertain presence of the dsRNA. The remaining
transcribed dsRNA was then stored at -20°C for use in the dSRNA assays.
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Table 2 : Target genes and their forward and reverse primer sequences

The underlined sequence on each primer is for the T7 RNA polymerase promoter which was

added to each essential gene primer.

Gene Primer sequences Product
size (bp)
EXpOI’tjl’l (EXP) AFEXpFPT7
GCGT AAT ACGACT CACTATAGGGAGAGCATTGTTTGCCCT CGCTTCG
450
AfEXpRPT7
GCGT AAT ACGACT CACT AT AGGGAGAAGAGT GCCGAGAAGAGGAAG
Cohesin (COH) AfCOhFPT7
GCGT AAT ACGACT CACTATAGGGAGAGACGAT CGAT TACGAGCCAGG
500
AfCohRPT7
GCGT AAT ACGACT CACTATAGGGAGAGCGTGCTCCCTCTTTGCATCC
Inosine  monophosphate | AfIMPFPT?
GCGT AAT ACGACT CACTATAGGGAGATCACTTCCTGATCT TGCCT GG
(IMP) 500
AfImpRPT7
GCGT AAT ACGACT CACTATAGGGAGAGT TTCCACTTT CAGT TACAGG
Modifier of AfMotFPT7
GCGT AAT ACGACT CACTATAGGGAGAACT GAGTCTGCTCGCTCTGCT
Transcription (MOT1) 450
AfMotRPT7
GCGT AAT ACGACT CACTATAGGGAGACCCCT TGACCGCAGCAGTACC
Polyphosphate  kinase | AfPPKFPT?
GCGTAAT ACGACT CACTATAGGGAGAGGGTCATTATGTCTCCTTCGC
(PPK) 400
AfPPkRPT7
GCGT AAT ACGACT CACTATAGGGAGAGT GT CCCAACGGACCAT CCGG
GlucoselPhosphateThy- | AfCUFPT?
GCGT AAT ACGACT CACTATAGGGAGACCAGATCATTCATTCCAGTCG
midylyl Transferase 500
(GTT) AfGttRPT7
GCGT AAT ACGACT CACTATAGGGAGAGT CCT GCACCGCT TCAAGCAG
Polyubiquitin (UBI) AFUBIFPTY 350

GCGT AAT ACGACT CACTATAGGGAGACCGT ACTCTTTCAATTTGAGG
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AfUBIRPT7
GCGT AAT ACGACT CACTATAGGGAGAT CCCATTTGGT AAACCT TGCG

Dehydration ATDIfFPTT
. GCGT AAT ACGACT CACTATAGGGAGAGT CTTGTCATAT GGAGAAGAC
Responsive Factor 450
(DRF7) AfDIfRPT7
GCGT AAT ACGACT CACTATAGGGAGACT CGGAGGCAAGT TGGT CTTG
Hevein-like AfHelFPT7
. GCGT AAT ACGACT CACTATAGGGAGAGACAT CTCGACATCAT GGCCC
preproprotein (HEL) 500
AfHelRPT7
GCGT AAT ACGACT CACTATAGGGAGAGCCAGCCGACT TGCAAAT GGG
ATP-binding  cassette | ATABCFPTY
GCGT AAT ACGACT CACTATAGGGAGACAT GACT CAGCCTTCT TGGAG
transporters (ABC) 450
AfABCRPT7
GCGTAAT ACGACT CACTATAGGGAGACTGCTTTATTCGTCGTTGTCC
26s rRNA Af26sFPT7
GCGT AAT ACGACT CACTAT AGGGAGACT CGGCCGCT GT TGGCCGTAC
450
Af26sRPT7
GCGT AAT ACGACT CACTATAGGGAGACACTTGCTCAATGTCTTCCTC
ATP gene family (ATP) | ATAtFPT?
GCGT AAT ACGACT CACTATAGGGAGACT TATCACT CCGAGAACT GCC
450
AfAtpRPT7
GCGT AAT ACGACT CACTATAGGGAGAAT GT CCGAAGAATCTTCCCAG
PTRs gene (Ptrs) AFPTRSFPT7
GCGT AAT ACGACT CACT AT AGGGAGAACT TCAGCCAGACGAGAA
500

AFPTRsSRPT7

GCGT AAT ACGACT CACT AT AGGGAGAT AT CAT GGCGT CCAAT CAAG
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3.7 Double stranded RNA inhibition Assays on A. flavus spores

The dsRNAs were administered to the A. flavus spores by imbibition, and their fungal growth
inhibition effect were tested based on reduction in colony number on the plates where spores
treated with the different dSRNAs were plated compared to the control plates on which spores
treated with sterile water were plated (Bailey et al., 2010). This was a step by step assay
which involved collecting and quantifying A. flavus spores in sterile conditions, exposing the
spores to dsRNA or sterile water and lastly plating the spores of the different treatments on

fresh PDA to observe the effect of the different treatments as detailed in the subsection 3.7.1
and 3.7.2.

3.7.1 Collection and quantification A. flavus spores

The A. flavus isolate from which dsRNAs were synthesized (KAf 5), was cultured on ¥
strength PDA (10g of PDA powder and 10g of agar per liter of distilled water, supplemented
with 1ml of cefotaxime at 300mg/ml) at 28°C for 15days. Collection of spores was done as in
Mumbanza et al. (2013) with a few modifications. Briefly, 10ml of sterile distilled water
were pipetted onto each culture plate and the cultures were gently rubbed with a sterile bent
glass rod to release the spores into the water. The formed spore suspension was filtered
through a sterile double layer of cheese cloth positioned in a funnel, into a sterile falcon tube,
SO as to separate the spores (filtrate) from the mycelia (residue). The conidia were then
centrifuged at 1000rpm for 30 minutes, the supernatant poured off while the conidia pellet
was resuspended in 3ml of sterile distilled water. Then the conidia concentration was
determined by counting them using a compound microscope (Olympus CH-2) and a
heamocytometer (Weber Scientific International Ltd). Briefty 104 of the spore suspension
was slowly pipetted between a cover slip and the heamocytometer. The spores in 5 squares of
the central cube of the heamocytometer were then counted using a compound microscope at
100X magnification. The average of spores in the 5 squares was the number of A. flavus
spores per 0.1pl of solution (because the dimensions of each small cube in the central
heamocytometer cube is 1 x 1 x 0.1 um).  The concentration of spores per 0.1 pl was then
used to calculate the approximate number of spores in a microliter of the spore suspension

and the spore suspension was then diluted to 200 spores per .
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3.7.2 Exposure of A. flavus spores to the different dsSRNA

Using a micropipette, 104 of the 200 spores/ul suspension was pipetted into a 1.5ml
microfuge tube, and to this was added 15 of a 0.04ug/d dsRNAs solution, so that the
spores are exposed to a total of 0.6pg of dSRNA in each resultant 25l suspension. On the
other hand, 15ul of distilled sterile water was added to the 10W of the 200 spores/pl
suspension for the controls. The assay tubes were then incubated at 28°C for 1 week
(Mumbanza et al., 2013). After incubation, the 25ml suspension was topped up to 1000
with distilled sterile water. The resultant spore suspension concentration was 2spores/p.
Then 250pl of this solution was plated on ¥4 strength PDA (10g of PDA powder and 10g agar
per liter of water supplemented with cefotaxime at 300mg/l) in petri dishes, and incubated for
24 hours at 28°C (Mumbanza et al., 2013). The established individual colonies were counted
by marking them out in day light. This experiment was conducted twice and each

experimental treatment and control had three replicates.
3.8 Data analysis and interpretation

Percentage inhibition was calculated using the formula;

(No.colonies in treated)

% inhibition = 100 — ( X 100) (Mumbanza et al. (2013))

(No.colonies in control)
Percentage inhibition data which was collected from the inhibition assays targeting different
essential genes in A. flavus was subjected to One-way ANOVA to establish if there was any
significant difference in A. flavus spore growth inhibition due to silencing the 13 different

essential genes. Data analysis was performed using Gen-Start software.
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CHAPTER 4: RESULTS

4.1 Aspergillus flavus isolated from groundnut seed samples of Kamuli, Soroti and
Tororo districts
In total, 43 groundnut seed samples were collected, 14 from Tororo, 15 from Soroti and 16
from Kamuli district (Figure 2). A. flavus isolation from groundnut seeds was done on
Modified Rose Bengal media according to Appendix I. and A. flavus was observed as white
mycelia with yellow-green spores (Figure 3-B). The morphologically identified A. flavus
isolates were then confirmed microscopically and they were observed to have conidia in
seriate columns borne directly on the wvesicle which rests on long hyaline conidiophores as
shown in Figure 3-D. Out of the 43 samples, 10 A. flavus isolates were obtained, six were
isolated from Tororo district groundnut seed samples, three from Soroti and only one from

Kamuli district groundnut seed samples as shown in Table 3.
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Figure 5: Aspergillus flavus isolated from groundnut samples

A — Arrow pointing at A. flavus isolated from a groundnut seed sample on Modified Rose
Bengal Media (MRBM), B - A. flavus isolate transferred to fresh MRBM for Morphological
identification , C - A. flavus isolate transferred to 1/4 strength PDA for aflatoxin production

quantification and D - Microscopic appearance of A. flavus isolate at magnification 400X.
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Aspergillus flavus isolates produced varying total aflatoxin quantities on % strength

PDA

A competitive ELISA to determine the quantity of total aflatoxin produced by each isolate

when cultured on ¥ strength PDA for 2 weeks was performed and nine out of the ten isolates

were found to be toxigenic while only one was non-toxigenic. The non-toxigenic A. flavus

isolate KAfLO was obtained from Kamuli district and this was the only isolate from the

groundnut samples of Kamuli district. Seven isolates produced from 5 parts per billion (ppb)

to 990 ppb of total aflatoxin, while two produced over 2000 ppb of total aflatoxin. The two

most (KAf4) and Soroti (KAf9) as shown in Table 3.

Table 3: Varying total aflatoxin quantities produced by different A. flavus isolates

Approximate total Aflatoxin

Isolate Sample source (district)

concentration (ppb)
KAf1 Tororo 510
KAfR Tororo 570
KAf3 Tororo 175
KAf4 Tororo >2000
KA Tororo 990
KAf6 Tororo 5
KATf7 Soroti 55
KAf8 Soroti 390
KA Soroti >2000
KAf10 Kamuli 0
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Aspergillus flavus essential target genes amplified from isolate KAf5

DNA was extracted from an aflatoxigenic isolate KAfS according to the DNA extraction
protocol in Appendix I, and PCR was performed using primers targeting the selected 13
essential genes. The obtained PCR amplicons were separated on a 1.5% agarose gel and
visualized using Ultra Violet (U.V) light. All 13 target genes were amplified and the

expected amplicon sizes were obtained (350 to 500 bp — Table 2) as shown in Figure 4.

9 10 11 12 13 N

SO0 by T e --——-—-_“-

Figure 6: A 1.5% agarose gel showing PCR amplicons of the 13 target essential genes of A.
flavus

M=Invitrogen 1kb plus DNA Ladder (Thermo Fisher scientific), 1=Mot1, 2=PPK, 3=UBI, 4=HEL,
5=ABC, 6=ATP, 7=26s, 8=Ptrs, 9=DRF, 10=EXP, 11=COH, 12=IMP, 13=GTT and N=Negative
control (sterile water added instead of genomic DNA), annealing temperature for all 13gene
primers was optimized to 62°C.
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Double stranded RNAs transcribed from the 13 gene specific amplicons.

The PCR amplicons were used as templates in transcribing corresponding dsRNA using the
MEGA script transcription kit according to the manufacturer’s instructions. Obtaned dsRNA
were quantified using a Nano Drop (2000), their quality was checked by running them on
1.5% agarose gel after DNase treatment, and all target gene dsRNA were visualized under
U.V after staining with ethidium bromide at 0.5ug/ml (Figure 5). Double stranded RNA was
absent in the negative control in which sterile water was added to GTT amplicon in the
reverse transcription reaction instead of the reverse transcriptase enzyme as shown in Figure
5.

Figure 7: A 1.5% agarose gelshowing double stranded RNA transcripts of 13 target
essential genes of A. flavus

M=100bp DNA Ladder (Bioneer), 1=Motl, 2=PPK, 3=UBI, 4=HEL, 5=ABC, 6=ATP, 7=26s,
8=Ptrs, 9=DRF, 10=EXP, 11=COH, 12=IMP and 13=GTT and N=Negative control (sterile
water added instead of reverse transcriptase enzyme)
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4.5 Aspergillus flavus spore germination inhibition due to exposure to dsSRNAs

In this study, exposure of KAfS A. flavus spores to different dSRNAs or sterile water for the
controls, resulted in a marked difference in the number of spores that germinated. The
controls had the highest average A. flavus spore germination of 552 spores per plate. Plates
whose spores were exposed to the different dsRNAs showed variable spore germination,
ranging from 17 to 228 spores per plate. The plates whose spores were exposed to dsRNA
targeting UBI, COH, 26s and PPK genes recorded the lowest average spore growth per plate
which was 17, 23, 37 and 41 respectively. Those treated with dsSRNAs of IMP, ATP, and ABC
genes followed with average spore growths of 60, 65, and 70 respectively. Figures 7 and 8,
show a comparison in spore germination between plates whose spores were treated with the
six most effective dsRNAs at inhibiting A. flavus growth (UBI, COH, 26s, PPK, IMP, and
ATP dsRNAs) and the controls whose spores were treated with sterile water. Amongst the
dsRNA treated spores, highest average spore growth was recorded on plates with spores
treated with dsRNAs targeting GTT, HEL, EXP, PTRs, DRF and MOT genes, on which an
average 117, 125,156, 181, 188 and 228 spores germinated respectively as shown in Figure 8.
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Figure 8: Average number of spores that germinated after treatment with different
dsRNAs (p<0.05), Control (sterile water was added instead of dsSRNA).
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Percentage spore germination inhibition due to exposure of A. flavus spores to the different

dsRNAs was subsequently calculated according to the formula: % inhibition = 100 —

(( No.colonies in treated)
(No.colonies in control)

X 100). Six percentage inhibitions per each different dsSRNA were

calculated from the 6 replicates of each dsRNA treatment and all these were subjected to
ANOVA. Results from ANOVA showed that spore germination inhibition was significantly
higher in all treatments with dsRNAs compared to the controls (F = 21.66, df = 13, p <
0.001). Amongst dsRNA treatments, exposure of A. flavus spores to UBI, COH, 26s, ATP,
PPK, IMP and ABC dsRNAs resulted in the highest mean spore growth inhibitions of 96.8%,
95.0%, 91.6, 90.2%, 89.0%, 88.4% and 82.1% respectively. Mean spore growth inhibition by
dsRNAs targeting the above seven genes was significantly higher than the inhibition by the
rest of the remaining six genes. Amongst these six, mean spore growth inhibition by dsRNAs
targeting GTP, HEL and PTRs genes which was 79.5%, 73.5% and 66.1% respectively, was
significantly higher than inhibition by dsRNAs targeting EXP, DRF and MOT genes which
was 63.0%, 54.8% and 54.3% respectively. ANOVA results thus cluster these genes into 3
significantly different groups based on the least significant difference (l.s.d) of 15.54, at p <
0.001. The estimated standard error for each of the mean spore growth inhibitions was 5.48

while the coefficient of variation was 18.4 as shown in Table 4.
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Table 4: Analysis of variance, of the percentage inhibitions to A. flavus spore

germination
Significantly
Target % inhibition Different ls.d s.e & p value
gene CcVv
groups
UBI 96.8
COH 95.0
26s 91.6
ATP 90.2 A
PPK 89.0
IMP 88.4
ABC 82.1 1554 | 5.48 18.4 p <0.001
GTT 79.5
HEL 73.6 B
Ptrs 66.1
EXP 63.0 C
DRF 54.8
MOT 54.3

l.s.d = least significant difference between these means, s.e = Standard Error and % C.V =

percentage Coefficient of Variance.
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Figure 9: Aspergillus flavus spore germination inhibition by dsRNAs targeting UBI,
COH and 26s genes

Double stranded RNAs targeting UBI (B), COH(C), 26s (D), effectively inhibited A. flavus
spore germination compared to the control (A) where spores were treated with sterile water.
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Figure 10: Aspergillus flavus spore germination inhibition by dsRNAs targeting ATP,
PPK and IMP genes

Double stranded RNAs targeting ATP (F), PPK (G), and IMP (H) genes effectively inhibited
A. flavus spore germination compared to the control (E) where spores were treated with

sterile water.
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CHAPTER 5: DISCUSSION

This is the first study geared at identifying the most critical essential genes which if silenced
in toxigenic A. flavus, isolated from groundnuts grown in Uganda, can impart resistance to
the fungus’ growth. Since no Ugandan A. flavus isolates were available in the National
Agricultural Research Organization (NARO) institutes, the isolates used in this study had to
be obtained from groundnut samples picked from Ugandan farmers’ gardens or granaries.
From the A. flavus isolations made, Tororo and Sororti districts had the highest number and
the most toxigenic A. flavus isolates compared to Kamuli district which had one non-
toxigenic A. flavus isolate. Some of the isolates were producing from 600ppb to >2000ppb of
aflatoxin and such concentrations if consumed in food would constitute acute doses
(Krishnamachari et al., 1975), while many others were producing >20ppb to 990ppb and
these lower aflatoxin doses could result in chronic effects like liver cancer, stunting of

children and animals among others (Turner, 2013).

It is important to note that such high aflatoxin contamination can occur even before harvest
and can be carried on through the food chain to the final human consumer. This is because, A.
flavus being a soil pathogen, can contaminate the tender freshly fertilized groundnut ovary
with aflatoxins as it penetrates the soil. Since the aflatoxins have a bio-accumulating effect
(Castillo-Urueta et al., 2004), they would remain in the groundnuts till consumption by
animals and consequently consumed by humans in animal products like eggs or milk or
people can directly consume these contaminated groundnuts and get exposed to their
deleterious effects. This presents a big aflatoxin contamination problem which needs to be
addressed well before harvest of the groundnuts, and thus the need to breed groundnuts that

can resist colonization by A. flavus even when still in the soil.

This study, investigated the ability to resist A. flavus spore germination by silencing its
essential genes using the RNAI technique. The precursors of RNAI used in this study were
dsRNAs which were synthesized in-vitro using PCR amplicons of target genes as templates
and the MEGAscript® T7 high yield transcription kit. Synthesized dsRNA was detected by
agarose gel electrophoresis instead of serological methods like ELISA because it was cheaper
and the transcription Kit used can synthesize over 100pg of dsRNA per reaction which was
easily detectable by gel electrophoresis. These dsRNAs were then applied to the spores by
soaking the spores in a concentrated solution of dsRNA for 2 weeks, prior to plating the

spores on PDA media. Many different scholars have reported that dsSRNA can be introduced
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into cells by imbibition, if cells are placed into a solution containing the dsRNA (Bailey et
al., 2010; Mumbanza et al., 2013).

Thus the imbibed dsRNA should have started the silencing effect of the different essential
genes, through the RNAI process, and depending on how critical the gene was for the
survival of A. flavus, different numbers of spores were able to survive and germinate in the

different treatments.

On average, close to the estimated number of untreated spores germinated on the control
plates, that is to say, 552, which was close to the estimated 500 that were plated on each petri
dish. This shows that the conditions under which the spores were kept were conducive for
their survival and germination, except if a limiting factor were to be introduced in the
treatments and in this study dsRNA were used as the limiting factor. On plates treated with
the different dsRNAs, only 17 to 228 spores germinated on average. The lowest average
spore germination of 17, 23, 37, 41, 60, 65 and 70 spores per petri dish was recorded on
plates treated with dsRNAs targeting UBI, COH, 26s, PPK, IMP, ATP and ABC genes

respectively. Percentage spore growth inhibition was calculated according to the formula

(No.colonies in treated)

% inhibition = 100 —( X 100) and subjected to ANOVA to establish

(No.colonies in control)
if there was any significant difference in A. flavus spore growth inhibition, when the spores

are exposed to dsRNAs targeting particular essential genes.

The ANOVA results showed that imbibition of dSRNA by spores and consequent silencing of
the target essential genes resulted in significant spore germination inhibition in all dsRNA
treated spore solutions compared to their respective controls (df = 13, p < 0.001). These
results show that all the silenced genes were essential for the survival of A. flavus spores and
are in agreement with the findings of an in vitro study by Mumbanza et al. (2013) where the
number of colonies that were recorded on plates treated with synthetic dsSRNA targeting 12
essential genes of Mycosphearella figiensis and 14 essential genes of Fusarium oxysporum

f.s.p. cubense varied significantly from those on untreated control plates.

In addition, amongst the treated plates, there was a significant difference between the
percentage spore germination inhibition amongst dsRNA targeting different genes (F= 21.66,
df = 13, p < 0.001). Basing on the least significant difference, there was a significant
difference in spore growth inhibition due to RNAI silencing of different essential genes, thus
placing the genes in to three groups labeled A, B and C in Table 4. The first group A consists
of seven genes namely; UBI, COH, 26s, ATP, PPK, IMP and ABC. Silencing these seven
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genes resulted in significantly higher spore growth inhibition than was realized when genes in
group B and C were silenced. This implies that the above seven genes are better targets for
RNA. silencing of A. flavus than the six genes in group B and C. Silencing genes in group B,
(GTT, HEL and PTRs) resulted in significantly higher spore growth inhibition than silencing
the genes in group C, (EXP, DRF and MOT) and are thus better target genes for RNAI
silencing of A. flavus than the genes in group C which had the least spore growth inhibition
effect on A. flavus spores. Since results in this study clearly show that the limiting factor for
A. flavus spore germination was dsRNAs, which dsRNAs are known to be precursors of
RNAI and consequent gene silencing (Prentice et al., 2017), genes in group A could be better
targets for RNAI silencing of A. flavus because they are more critical for the survival of A.

flavus than the essential genes in group B and C.

43



CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

e There is a diversity in the types of A. flavus, found in eastern Uganda, some are non-
toxigenic, some produce low concentrations of aflatoxins, while some produce very
high concentrations of aflatoxins.

e Of the 13 essential genes targeted in this study, the suitable genes to silence in A.
flavus so as to inhibit its growth are UBI, COH, 26, ATP, PPK, IMP and ABC.

6.2 Recommendations

e A detailed study should be carried out to establish the molecular diversity of A. flavus
in Uganda so as to establish the molecular basis for some isolates producing high
concentrations of aflatoxins; others produce very low concentrations while others do
not produce any aflatoxins.

e Another study should be carried out to test percentage growth inhibition of A. flavus
when UBI, COH, 26s, ATP, PPK, IMP and ABC genes are silenced by RNAI induced
by dsRNA transcribed by groundnut hosts in vivo.
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APPENDICES

Appendix I: Modified Rose Bengal Agar Preparation Protocol (Baggerman, 1981)

e Weigh; Glucose (10g), Peptone (2.5g), Potassium phosphate (KH2POs — 1.0g),
Magnesium sulphate (MgSO4.7H20 — 0.5g), Yeast extracts (0.5g), Agar (18.0g) and
add all to 1.0 liter of distilled water.

e Add 500u of Rose Bengal stock solution prepared at (500mg of Rose Bengal in 30ml

of ethanol in a falcon tube and topped up to 100ml with sterile water).
e Adjust the pH to 5.0 and autoclave at 121°C and 15 pa for 15 minutes.
e Allow to cool up to about 55°C in a laminar flow hood.
e Add 5ml of cefotaxime stock solution prepared at 60mg/ml.

e Add 100u of Botran stock solution prepared at 0.04g of Botran powder dissolved in

5.0ml of acetone.

e Dispense in petri dishes and allow the plate to set in the laminar flow hood and store
at 4°C.
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Appendix Il: Protocol for Competitive ELISA for Aflatoxin Detection and
Quantification (Kolosova et al., 2006)

Sample Preparation / Extraction

Obtain 600mg of A. flavus mycelia (cultured on PDA 7days). Grind it using a clean
motor and pestle in 3ml of 70/30 (v/v) methanol/water extraction solution for at least

3 minutes.

Allow sample to settle, then filter the top layer of extract through a Whatman #1 filter
paper and collect the filtrate.

Aflatoxin Quantification

Place the required number of blue-bordered dilution Strips in a microwell strip holder,
considering one dilution well for each standard, (ie. 0, 4, 10, 20, & 40 ppb) or
sample.

Place an equal number of antibody coated microwell strips in a microwell strip holder

as well.

Measure 240uliwell of enzyme-conjugated aflatoxin (conjugate) in to a separate

container.

Pipette 200ul of that conjugate into each blue-bordered dilution well and add 100uL
of each standard or sample into the appropriate dilution well containing 200ul of
conjugate. (Note: a fresh pipette tip is used for each standard or sample and the pipette

tip should be completely emptied)
Mix each well’s contents by carefully pipetting up and down 3 times

Immediately transfer 100uL of the contents from each dilution well into a
corresponding antibody coated microwell and incubate at room temperature for 15

minutes. (Note: the plate is not agitated to control well-to-well contamination)

Empty the contents of the microwell strips into a waste container, and wash the
microwell strips by filling each with sterile distilled, and then dumping the water from

the microwell strips. This step is repeated 5 times
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After the fifth wash, lay several layers of absorbent paper towels on a flat surface and
tap the microwell strips on the towels to expel as much residual water. Also dry the

bottom of the microwells with a paper towel.

Measure 120ulwell of Substrate and dispense into a separate container. Pipette
100uL of it into each microwell and incubate the mixture at room temperature for 5

minutes. A blue color should be observed.

Measure 120uL/well of the stop solution and dispense into a separate container.
Pipette 100uL of Stop Solution into each microwell. The color should change from

blue to yellow.

Read the wells with a microwell reader using a 450 nm filter and print out or record

the optical density (OD) readings for each microwell.

Use the OD values to construct a dose response curve using the five standards and
since the amount of aflatoxin in each standard is known, the unknowns can be

deduced by interpolation from this standard curve.

If a sample contains aflatoxin levels higher than the highest standard (>20 ppb), the

fitered extract should be further diluted in 70% methanol such that the diluted sample

results are in arange of 2.0 - 20 ppb and reanalyzed to obtain accurate results. The dilution

factor must be included when the final result is calculated.
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Appendix I11: Fungal DNA Extraction Protocol (Mahuku, 2004)

Transfer fresh mycelium (150mg) to a clean mortar containing 300uL of TES
extraction buffer (0.2M Tris-HCL [pH8], 10mM EDTA [pH8], 0.5M NaCl, 1% SDS)

and acid washed, sterilized sea sand and macerate for 2min.

Transfer to 1.5mL micro-centrifuge tubes and vortex samples for 30s and add an
additional 200y of TES extraction buffer containing Proteinase K  (final
concentration 50pg/pL)

Vortex to thoroughly mix and place tubes in a water bath at 65°C for 30min.
Add one half volumes (250uL) of 7.5M ammonium acetate.

Mix and incubate the samples on ice or at -5°C in the refrigerator for 10min.
Centrifuge for 15min at 13,000rpm.

Transfer the supernatant to a new tube and add an equal volume (500L) of ice-cold

isopropanol.

Incubate tubes at -20°C overnight.

Centrifuge for 10min at 13,000rpm to pellet the DNA.

Decant the supernatant and wash DNA pellet with 800uL of cold 70% ethanol.
Turn tubes upside down on a clean sterile paper towel for 6hr to air dry DNA
Dissolve the DNA in 50 pl of sterile nuclease free water.

Add 5L of RNAse A (20mg/ll) and incubate at 37°C for 60min, and then at 65°C

for 15min to terminate the RNase activity.
Quantify DNA concentration using a Nano drop and dilute to a desired concentration.

Store the DNA at -20°C till further use.
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Appendix 1V: Gene elute gel extraction protocol (Richards et al., 2005)

Excise the DNA fragment of interest from an agarose gel using a clean, sharp scalpel
and place it in a 1.5ml eppendorf tube. Weigh the excised gel slice.

Add three gel volumes of the gel solubilization solution to the slice (for example for
100mg of gel added 300ml of gel solubiliation solution).

Incubate the gel mixture at 60°C until the gel is completely dissolved.

Prepare binding columns by placing them in 2ml collection tubes, add 5004 of
column preparation solution to each of them and centrifuge at 12000rpm for one
minute.

Add one gel volume of isopropanol in to the solubilized gel mixture and pipette this
mixture into a prepared binding column. Spin at 12000rpm for one minute. Remove
the binding column from the 2ml collection tube and discard the flow through liquid.
Return the binding column into the collection tube and add 700 of wash solution,
spin at 12000rpm for one minute and discard the flow through liquid too.

Lastly transfer the binding column to a fresh collection tube and add 50 of elution
solution at the center of the membrane, incubated for one minute at room temperature
and centrifuge at 12000rpm for one minute.

Quantify the DNA contained in the flow through using a Nanodrop and then store it at
-20°C for later use.
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Appendix V: dsRNA Transcription Protocol (Manual, 2009)

Thawing the frozen reagents

e Place the RNA Polymerase Enzyme Mix on ice (it is stored in glycerol and will not be
frozen at —20°C).

e Vortex the 10X Reaction Buffer and the 4 ribonucleotide solutions (ATP, CTP, GTP,
and UTP) until they are completely in solution.

e Once thawed, store the ribonucleotides on ice, but keep the 10X Reaction Buffer at
room temperature while assembling the reaction.

e Microfuged all reagents briefly before opening to prevent loss and/or contamination
of material that may be present around the rim of the tube.

Assembling transcription reaction at room temperature
e Mix an equal amount of the four ribonucleotides (ATP, CTP, GTP, and UTP).

e To 7L nuclease free water, add 8uL of the ribonucleotides mixture, 2 pL of 10X
reaction buffer, 1L of linear template and 2 pL of enzyme mix.

e Mix thoroughly and incubate at 37°C, for 4 hours.
e Add 1pL TURBO DNase, mix well and incubate for 15 min at 37°C.

e Lastly incubate at 65°C for 30 minutes to in activate the TURBO DNase enzyme
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Appendix VI: Groundnut Sample Collection Data Sheet
Date of collection................cooeviiinnnnn.

Farmer’s Name.......oovviiiiiiiiii i,

GPS READINGS

Way Point..........cocooviiiiiiiiin. ..

Altitude. ..o

Co-ordinates: E................oooiinnt.
N,

Source of Sample (garden/granary).....................

Amount collected............cooeviiiiiii

Groundnut Variety........................

Village.......coovviiiiiiiiii,

Sub-county...............oiiii

District. ......coveiiii

Country......ooovvvviiiiiiiiinnnnns

Name of collector............c..coooiiiiiiinn.
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