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Abstract.

Cacao swollen shoot virus (CSSV) is the main threat to chocolate production in West Africa. Infection
causes a decrease in bean production yield and can cause tree death within three years, causing socio-

economic damage to small-holding farmers.

CSSV control measures relying on cutting out infected and surrounding trees have proven ineffective.
Novel strategies are needed to stem the pathogen propagation in the endemic area by identifying and
removing asymptomatic CSSV infected trees. This work assessed if a cost-effective easy to operate
biosensor could be developed to detect CSSV DNA. Two biological recognition elements (BRE) deriving
from CSSV, serving as an interface between the user and the targeted analyte, were designed,
produced, and tested with CSSV-infected T. cacao extracts. First, a BRE based on a chimeric zinc finger
protein targeting CSSV genome was functionally tested using an electrophoretic mobility shift assay,
a double filter binding assay and a superparamagnetic particles pull-down assay. The second BRE was
constructed with an oligonucleotide lattice following de novo sequencing of a CSSV UWE strain. Using
these nucleotides, a temperature-independent, “cold”, hybridisation assay was developed and tested
by high resolution melt and dot blotting. Simple DNA extraction methods were developed to isolate
CSSV genome from tree and sap samples. Both DNA and protein based BREs were able to interact with
the genome of CSSV with higher specificity observed with the oligonucleotide lattice. Successful simple
CSSV DNA extraction was performed from leaves but also from vascular tissues. This combined with a

cold hybridisation method could be integrated in a CSSV biosensing procedure.

A cost effective and user-friendly biosensor to detect CSSV in an area of low economic capital is
feasible using the biological recognition elements, the DNA extractions and hybridisation assay
developed in this project. The system could be adapted to monitor other analytes as indicators of tree

health to help achieve sustainable agriculture targets.
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Chapter 1: Introduction.

1.1 History of Theobroma cacao use.

Chocolate is one of the world’s favourite confectionary products. It is derived from the fruit
of the cacao tree, Theobroma cacao (T. cacao). Now cultivated in all tropical areas of the world
(America, Africa, and Asia), it has a neotropical origin (Central America, the Caribbean and South

America).

Evidence from an archaeological study in a preserve of the ancient Mayo-Chinchipe culture points to
the earliest use of cacao in Santa Ana-La Florida, in the southeast of Ecuador (Zarrillo et al., 2018a),
5300 years ago (Figure 1.1). The presence of Theobroma cacao was evidenced through the
identification of theobromine and starch by ultra-performance-liquid-chromatography tandem mass
spectrometry and ancient DNA by quantitative polymerase chain reaction (qPCR) on ornamented
vessels or more rudimentary, non-elaborate pottery such as stone bowls, mortars, and stirrup-spout

bottles used by the Mayo-Chinchipe.

Invention of the cocoa press (Rosenblum, 2005)

Increase in demand in Europe: triangular trade

Stable, continuous use by Mayo-Chinchipe (Ecuador) (Zarillo et al. Nature, 2018) Hernan Cortés introduces
cacao to the court of Spain? Tetteh Quarshie introduces cacao to Ghana (Roessler
Domestication by Mayas (Motomayor et al. 2002) etal., 2002)
Bartolomé de las Casas and a
delegation of Q'eqchi’ brings

cocoa gifts
\ l
-5300 -1500 15287 1544 Mid-1700 | 1876

1815

Figure 1.1: A simplified chronology of the use of cacao.

Additional archaeological evidence has indicated usage of cacao by Olmec circa 1800 to 1000 BC

(Powis et al., 2011) and Mayan people circa 600 to 900 AD (Ford, Williams, and de Vries, 2022). Cacao



was of particular value, being used as currency and was found associated with deities on a range of

artifacts (Figure 1.2).

Figure 1.2: Depiction of a diving deity holding a cacao pod from the post classic Mayan era. (Kerr, 2003)

Over time “kakau” (Figure 1.3) was used as a flavouring in food, as a drink, and a medicine; cacao was
also found to have stimulant properties and was also used in ceremonies (Zarrillo et al., 2018b). One
of many stimulant plants used in the New World, cacao made its way as a drink to the court of Spain
in the middle of the sixteenth century (see Figure 1.1), and from there reached the aristocracy all over
Europe within the next century (Squicciarini, 2016). The recipe favoured by South Americans was
adapted to accommodate the taste of the European population. From the cold, water-based brew
drunk by the Aztecs, Spanish people added cane sugar, vanilla, and cinnamon to mitigate the
bitterness, while heating the preparation to consume it hot. Importantly, the conquistadores also

produced tablets made from ground cacao to facilitate its transportation (Coe, 1996).



u(a)

Kakau

Figure 1.3: Mayan glyph depicting the word cacao. (Soparamens, 2017. Under CCO 1.0 Licence)

Enjoyed for its culinary and medicinal properties, the commercial demand for cacao increased and led
to the cultivation of T. cacao by European colonial powers. France established plantations in the
Caribbean, while Spain developed their own in the Philippines (Dillinger et al., 2000). By the end of
the nineteenth century, the plant reached mainland Africa, in Ghana, where a blacksmith and farmer
named Tetteh Quarshie (Agyei-Ohemeng, Opare and Obeng-Ofori, 2018) brought a seed from a
voyage in the then Spanish-ruled island of Fernando Po, in Equatorial Guinea and started cultivating
the tree. Soon followed by other farmers, the colonial British administration saw the potential of the
crop and developed the cultivation of T. cacao trees in Ghana. Similarly, cultivation flourished in the
neighbouring Cote d’lvoire, then under French rule. Today it is cultivated in several countries in West
Africa. Expansion of the use of cacao in Europe was made possible through several technical advances,
that led to the creation of chocolate as a transformed product. The industrialisation of chocolate
coincides with the Industrial Revolution of the 19t century (Squicciarini, 2016) that introduced original
production processes. For instance, Coenraad Van Houten in the Netherlands invented the cocoa
press in 1815 (Rosenblum, 2005) , that extracts the fatty portion from the cocoa mass, resulting in the
separation of cocoa butter from cocoa powder. Thereby, it was possible to create a new product,
which was chocolate readily edible. In 1847, the grandson of the Bristol-based chocolate maker
Joseph Fry developed a process to combine cocoa powder, sugar and melted cocoa butter which

resulted in a paste that could be cast in moulds to produce chocolate bars (Goldstein, 2015).



1.2 Theobroma cacao description.

Theobroma cacao belongs to the order of the Malvales, the family of the Malvacae, the subfamily of
the Byttneriodeae and the genus Theobroma. The Malvacae family contains 250 genera and 4200
species including herbs, shrubs, and trees. Other economically notable members of the family include
the cotton plant (Gossypium spp.), the jute plant (Corchorus spp.), the cola tree (Cola nitida), okra
(Abelmoschus esculentus), the durian tree (Durio zibethinus) and the baobab tree (Adansonia digitate)
(Simpson, 2010). Theobroma cacao is a six to twelve meters evergreen tree, with twelve to sixty
centimetres ovate-oblong leaves (Figure 1.4) and white/yellow or pink fifteen millimetres diameter

cauliflorous flowers (Figure 1.5) (Claus et al., 2018).

Figure 1.4: Photography of a Theobroma cacao tree in Cameroon (Hiobson, 2017. Under CC 4.0 Licence). A scale bar was
added to provide an approximate size.



Figure 1.5: The pentaflower of Theobroma cacao, attached to a branch (Vinayaraj, 2018. Under CC 4.0 Licence). A scale bar
was added to provide an approximate size.

Pollinated trees start producing their berries after three years, reaching a maximum yield after eight
to nine years. The fruit is a seventeen- to twenty-centimetre-long drupe (Nigam, 1999), with a three-
centimetre leathery or smooth rind depending on the variety (Thi et al., 2016). Pods bear twenty to

forty seeds called beans, enclosed within a mucilaginous pulp (Figure 1.6).

Thenbna Cuen &

Figure 1.6: (Left) A cacao pod on a Theobroma cacao tree in Ecuador (Bernard Gagnon, 2014. Under CC 3.0 Licence). (Right)
botanical drawing of the cacao berry (“pod”), showing the arrangement of the seeds (“beans”) within the mucilaginous

pulp.

Whole seeds and sections are presented on the right-hand side of the drawing (Kéhler, 1887). A scale bar was added to
provide an approximate size.



Theobroma cacao is diploid with ten chromosomes (2n=20) (Argout et al., 2011). The genome is within
the media size of the green plants (Kress et al., 2022), with genotypes size ranging from 411Mb to
494Mb. Analysis of the Belizean Criollo B97-61/B2 genome revealed 21,437 protein-coding genes,
2229 noncoding genes and 1165 pseudogenes (Argout et al., 2017). There are three main traditional
cultivars or groups of cacaos based on geographic origin and morphology: Criollo, Forastero and a
hybrid Criollo x Forastero named Trinitario (Cornejo et al., 2018). A microsatellite analysis using 106
markers from samples of a germplasm collection in South America further divided Theobroma cacao
into ten genetic clusters: Amelonado, Contanama, Criollo, Curaray, Guiana, Iquitos, Marafnon,

Nacional, Nanay, and Purus (Motamayor et al., 2008) (Figure 1.7).
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Figure 1.7: Neighbour joining tree inferred from Cavalli-Sforza and Edwards genetic distance presenting the ten main
genetic clusters identified in a South American T. cacao germplasm.

Figure adapted from Motamayor, J.C., Lachenaud, P., Schnell, R.J., 2008. Geographic and genetic population differentiation
of the Amazonian chocolate tree (Theobroma cacao L). Under CC BY 4.0 Licence.



The exact origin of this tree is still controversial and is an ongoing topic of discussion within the
scientific community. The difference in opinion resides in whether cacao originated in Mexico (Figure
1.8), Central America or in the region delineated by the Amazon and the Orinoco basins (Figure 1.9).
A third hypothesis suggests a separated, simultaneous origin. Cuatrecasas (Cuatrecasas, 1964)
suggested that a separation brought by the Isthmus of Panama would have yielded two subspecies,
based on the important difference in the plant’s morphology observed between the two regions. Both
locations would have therefore yielded their own subspecies, having evolved separately, Theobroma

cacao subspecies cacao, the Criollo variety, and Theobroma cacao subspecies sphaerocarpum, the

Forastero variety.
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Figure 1.8: Map of Mexico.

The black circle delineates the regions of Tabasco and Chiapas that are thought to be the meso/central American

Theobroma cacao place of origin (Miranda, 1962).
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Figure 1.9: Map of the South American continent.

The pink line delineates the location of the Orinoco basin and the green line the Amazon basin, two areas believed to be
the origin of the cacao tree (Hall, 1914).

Large scale genetic studies have identified the Amazon area to bear the highest Theobroma cacao
genetic diversity. Thomas et al. (Thomas et al., 2012) used 96 SSR markers to genotype 939 cacao trees
from Central and South America and evidenced a higher species diversity in the upstream areas of the

western Amazon, reinforcing the South American origin hypothesis.

The T. cacao tree introduced by Tetteh Quarshie in Ghana was from the Amelonado cultivar type, and
the majority of the plants currently cultivated on the continent derived from this variety (Opoku et al.,
2007). Furthermore, the trees subsequently introduced to Africa by colonial powers came
predominantly from Amelonado plants from Brazil (Motamayor et al., 2003) which resulted in

reduced genetic diversity on the continent (Aikpokpodion et al., 2009 ; Gopaulchan et al., 2019).



1.3 Theobroma cacao cultivation.

Today, 67% of the crop production is in West Africa (Figure 1.10) (FAO, 2023), mainly in Ivory Coast
and Ghana with smaller production in Togo, Cameroon, and Nigeria (Figure 1.10). Cacao beans are
now one of the main cash crops contributing significantly to the GDP of these countries, with an annual
production of 5.58 million metric tons (FAO, 2021), involving 14 million workers worldwide (Beg et al.,

2017).

Global 2021 Cacao beans production per continent

1%

m Africa

® America

= Asia

Oceania

Figure 1.10: Global cacao beans production per continent in 2021.

The percentage of the production from each continent is shown in comparison to the global production (Figure created
with data from the Food and Agricultural Organisation of the United Nations (FAO, 2023)).
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Figure 1.11: Cocoa beans are mainly produced in the west of Africa.

Data is the yearly production of cacao beans of 2021 for the first highest ten producers (Figure created with data from the
Food and Agricultural Organisation of the United Nations (FAO, 2023)).

Smallholder farmers from four west African countries account for 70% of the global production (Beg
et al., 2017). In Céte d’lvoire, the average farmland is 5.9 ha, with 3.8 ha dedicated to the culture of
cacao (Callebaut, 2023). A report from Fairtrade international (Carla Veldhuyzen, 2019) estimated that
800kg of beans/hectare was the “sustainable yield” for farmers to produce to achieve a “high

probability” of earning a living income.

After harvest, the beans are gathered and commonly covered with banana leaves for three to seven
days (Figure 1.12) where a succession of fermentation reactions by yeast, lactic acid bacteria and
acetic acid bacteria transform the carbohydrate portion of the cocoa pulp, producing chemical
compounds associated with flavour such as alcohols, aldehydes, esters, lactic and acetic acids (De
Vuyst and Leroy, 2020) . After fermentation, the beans are air-dried, collected by cooperatives, and
then exported for further processing. Later stages of chocolate manufacturing for beans originating
from West Africa, which feed the bulk chocolate production still take place mainly in Europe or North

America.
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Figure 1.12: Cacao beans fermenting on banana leaves in a plantation in Ghana (Allainguillaume, J., 2016, personal
communication).

Most of the production is exported to Europe and the United Stated of America, but China and India
are now seen as growing markets, increasing the pressure to maintain the cacao production yield as

high as possible.

1.4 Threats to the cacao production.

Cocoa production requires a set of optimal climatic conditions (Kosoe and Ahmed, 2022), that includes
precipitation, temperature, light exposure, and carbon dioxide levels (Aytehgiza and Gebresilasie,
2019). Any disruption of these parameters has the potential to significantly affect the production
yields (Bomdzele and Molua, 2023). Furthermore, episodic climate event such as droughts (Gateau-
Rey et al., 2018), floods or dry spells (Okoffo, Mensah and Fosu-Mensah, 2016) are known to influence

the growth of the tree.

Besides these abiotic factors caused by climate change, T. cacao is exposed to a range of pathogenic
biotic stressors wherever it is cultivated (Adeniyi and Adeniyi, 2019). T. cacao trees are, like any living

organisms, sensitive to infection by pathogens. It was estimated that up to 38% of the global
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production is lost due to diseases (ICCO, 2017). In its American cradle, the tree has been infected with
a variety of fungi-like eukaryotes, such as Moniliophthora perniciosa, an oomycete responsible for the
witches’ broom disease and several species of Phytophthora (Marelli et al., 2019) that causes the black
rot pod disease. Moniliophthora roreri is a basidiomycete closely related to Moniliophthora perniciosa
that causes the cacao frosty pod rot in South America. M. roreri infects the pods only and can result
in 90% losses if not treated (Bailey et al., 2018). Several viruses such as the cocoa necrotic virus
(Kenten, 1972) and the cacao yellow mosaic virus (CYMV) (Cooper and Jones, 2006) can infect T. cacao
along with cacao swollen shoot virus (CSSV). To avoid the spread of diseases by particular viruses
across areas of T. cacao production around the world, quarantine procedures have been developed
to assess the presence of pathogens in material moved between countries. Material can be moved far
away from T. cacao production to areas such as the International Cocoa Quarantine Centre at the
University of Reading (ICQC-R) and tested for the presence of pathogens. Their main method of CSSV
screening relies on grafting the assessed plant onto T. cacao rootstocks of the Amelonado variety and
recording the potential development of symptoms over a period of three years. Quarantine screening
has also enabled the discovery of novel viruses in asymptomatic trees such as Cacao Mild Mosaic Virus
(CaMMV) and Cacao Yellow Vein-Banding Virus (CYVBV) in Cocoa (Theobroma cacao) discovered in

the germplasm collection at Reading University (Ullah et al., 2021).

1.5 Cacao swollen shoot virus (CSSV).

When introduced in the west coast of Africa, T. cacao plants were infected with local pathogens
(Attafuah and Glendinning, 1965) through a host shift mechanism. CSSV, the agent of the endemic
viral disease (Muller et al., 2018) was found to infect local hosts trees prior to the implantation of
Theobroma cacao such as Cola chlamydantha, Bombax buonopozense, Hildegardia barteri or
Adansonia digitata (Ameyaw, 2019), all Malvacea plants. CSSV was found to infect other non-
Malvacaea plants, notably in Ghana where a host range study identified the Sterculiaceae,

Bombacaceae and Tiliaceae families as being natural hosts of the infection (Posnette, Robertson and
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Todd, 1950). The transmission of CSSV can be documented by mechanical infectivity experiments
where the mealybug vector is placed on suspected alternative hosts and the development of
symptoms is then monitored and visually confirmed (Brunt and Kenten, 1962). More recent
techniques to study the diversity of alternative plant hosts involves molecular techniques such as PCR

and phylogenetic relationship analysis (Abrokwah et al., 2016).

Cacao swollen shoot virus (CSSV) disease is one of the most important factors limiting cacao
production in West Africa. This disease, which was described for the first time in Ghana by Steven in
1936, is primarily confined to the countries of Ivory Coast, Ghana, Nigeria, Sierra Leone, Cameroon,
and Togo. Susceptible cacao plants exhibit a reduction of fruit yield of up to 25%, a year after infection
and eventually die within 5 years depending on the strain of CSSV. However, symptoms of infection
can take up to three years to be visible (Ofori et al., 2022). A study looking at the impact of diseases

on the crop in 2005 revealed that CSSV alone resulted in a 50,000 metric tons loss every year.

In comparison, the annual world production is estimated to be around 4,000,000 metric tons and

epidemiology studies predict that the virus will have an increased impact in the future (Ploetz, 2006).

Upon the onset of the infection by CSSV, symptoms may be observed in several parts of the tree,
including leaves, stems, roots and on the pods. Young leaves may develop red vein-banding (Figure

1.13), stems may develop swelling (Figurel.14) and pods can exhibit deformation (Posnette, 1943).
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Figure 1.13: Young T. cacao leaf showing red vein-banding associated with an infection with CSSV in Ghana
(Allainguillaume, J. personal communication). A scale bar was added to provide an approximate size.

Figure 1.14: Swollen T. cacao stem associated with a CSSV infection in grove Ghana. (Allainguillaume, J. personal
communication). A scale bar was added to provide an approximate size.
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CSSV belongs to the genus Badnavirus and together with the Tungrovirus forms the family of
Caulimoviridae. Members of this family infect plants of agricultural interest, such as Sugarcane
Bacilliform Virus, Sweet Potato Pakakuy virus, Taro Bacilliform Virus, Jujube Mosaic-associated Virus,

and Banana Streak Virus (ICTV, 2021) (Figure 1.15).
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Figure 1.15: Phylogenetic tree of the family Caulimoviridae. Members of the CSSV group are highlighted in green. Adapted
from (Teycheney et al., 2020) under CC BY-SA 4.0 Licence.
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The name Badnavirus derives from the characteristic bacillus shape of the virus particles and their
double stranded DNA genome. CSSV genome is a 7 to 9.2 kilobases circular double stranded DNA
molecule. CSSV appears as bacilliform non-enveloped particles of about 120-130 nm long and 28 nm

in diameter (Figure 1.16).

"o 4
Figure 1.16: Purified preparation of CSSV obtained after sucrose density gradient centrifugation.

Bar represents 200 nm. Image adapted from (Lot, Djiekpor and Jacquemond, 1991) under agreement with CCC Press (with
the license 1400237-1).

The virulent strain of CSSV, Agoul from Togo was sequenced in 1993 (Figure 1.17) (Hagen et al., 1993)
and was identified as a double stranded DNA genome of 7161 bp. Another five genomes were
obtained in 2004 by Muller (Muller and Sackey, 2005). In 2018, a study aiming at characterizing the
high variability of the CSSV population in West Africa based on next generation sequencing enabled
the reconstruction of twenty extra genomes sequences from field and collection samples (Muller et

al., 2018).
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Figure 1.17: Genome map of CSSV strain Agou 1.

The arrows delineate the Open Reading Frames (ORFs) on the positive strand. The function of the encoded proteins are
highlighted. Adapted from (Jacquot et al., 1996) under licence CCC 5721321033888.

A phylogenetic analysis of reverse transcriptase and ribonuclease H gene sequences defined ten
groups of CSSV. Group A corresponded to cacao swollen shoot virus Togo A virus (CSSTAV), as
described in 2005 (Muller and Sackey, 2005), group B was the sequence of the cacao swollen shoot
virus described for the first time in 1993 (Hagen et al., 1993), group D was similar to cacao swollen
shoot CD virus defined in 2012 (Kouakou and Kébé, 2012). Seven additional groups were also identified
these are groups E, M, N, Q, R, Sand T. Since whole genome data was not available for groups S and
T and it was not possible to determine if they were new species. However, E, M, N, Q and R were
respectively named cacao swollen shoot CE virus (CSSCEV), cacao swollen shoot Ghana M virus
(CSSGMV), cacao swollen shoot Ghana N virus (CSSGNV), cacao swollen shoot Ghana Q virus (CSSGQV)
and cacao swollen shoot Ghana R virus (CSSGRV). Interestingly, both studies by Muller included
sampled sequences from Trinidad and Sri Lanka originating from plants displaying symptoms similar
to an infection with CSSV. Analysis of the genomic data placed these viruses in a clade distinct from
CSSV for the samples from Sri Lanka or in the same one but very far from CSSV for the samples from

Trinidad. The viruses from Trinidad, cacao mild mosaic virus (CaMMV) and cacao yellow vein-banding
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virus (CYVBV) were identified in 2017 (Chingandu et al., 2017). Next generation sequencing of isolates

showed variation in the size of the CSSV genome in ranging from 6985 to 7412bp.

Five Open Reading Frames (ORFs) were identified upon analysis of the viral sequences. ORF1 encodes
a protein of unknown function of 138 to 161 amino acids depending on the isolate. ORF2 is translated
into a 98 to 149 amino acids long nucleic acid-binding protein. ORF3 is the largest ORF and encodes a
1772 to 2018 amino acids polyprotein further cleaved into a capsid protein, three enzymes (Aspartyl
proteinase, Reverse transcriptase and Ribonuclease H) and a possible cell-to-cell movement protein.
ORFX was not found in all isolates and its size varies from 91 to 145 amino acids. In contrast, ORFY was

found in all isolate sequences (115 to 146 amino acids). The role of both ORF X and Y is still unclear
(Hagen et al., 1993).

Caulimoviruses provided insights towards the understanding of the replication mechanisms of the
genera. Upon entering the infected cell, the double stranded DNA is ejected from the viral particle and

imported in the nucleus of the host (Figure 1.18).
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Figure 1.18: Replication cycle of a Caulimoviridae virus, Cauliflower mosaic virus (CaMV), that provides a model for the
replication of badnaviruses.
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Red circles represent the DNA of the virus, blue lines are the transcribed RNA copies. Figure adapted from (Bhat, Hohn and
Selvarajan, 2016) under CC BT licence.

The viral DNA molecules have a nick present on both plus and minus strands, these are repaired during
the first phase of the viral replication cycle. Repaired DNA is now supercoiled and then associated with
histone proteins to form minichromosomes (Hull, 2001). Theses scaffolds constitute the transcription
template for the host DNA-dependent RNA polymerase Il. The transcription relies on the binding of
the host tRNA initiator (tRNAmetinit) to the (-)-DNA strand while the (+)-strand is attached through a
redundant purine-rich region. These two priming sites constitute the nicked ends of the circular
molecules. The resulting transcripts have a dual function: transferred into the cytoplasm of the host,
they are used as a polycistronic template for translation and as a pregenome molecule. In the second
phase of the cycle, in the plant cytoplasm, the messenger RNA is translated. Two RNA copies are then
packaged into viral particles and the reverse transcription occurs using the viral RT to yield a circular
open double stranded DNA molecule (Bhat, Hohn and Selvarajan, 2016). During the repair phase,
integration of viral sequences can occur through illegitimate recombination. The phenomenon has
been documented in pararetroviruses (Harper et al., 2003). Recently, the presence of badnaviral
sequences within T. cacao genome has been confirmed by in silico and molecular analysis (Muller et
al., 2021a). This has a direct impact on the implementation of detection and control strategies for

CSSv.

1.6 CSSV transmission.

CSSV is naturally transmitted by mealybugs (Figure 1.19) belonging to the Pseudococcidae family
(Cotterell, 1943). They mainly live in the vicinity of the leaves and feed by puncturing the plant tissue

to access the sap present in the phloem.
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Figure 1.19: Mealybug Planococcus citri, one of the species able to transmit CSSV (Cranshaw, 2007). Image under CC BY 3.0
licence. A scale bar was added to provide an approximate size.

There are sixteen species of mealybugs (Hemiptera: Coccoidea: Pseudococcidae) which have been
reported in West Africa to act as vectors of CSSV (Wetten, Campbell and Allainguillaume, 2015).
Formicococcus njalensis and Planococcus citri (Risso) are thought to be the most important viral
vectors of cacao and are the predominant mealybugs on the crop in West Africa (Wetten, Campbell
and Allainguillaume, 2016). Transmission of CSSV through seeds was also demonstrated on
experimentally infected plants (Quainoo, Wetten and Allainguillaume, 2008), but was not reproduced

since.

Symptoms of a CSSV infection are seen in leaves, stem, and roots and on the pods of the affected
plants. Symptomatic observations of the leaves such as red vein banding in young leaves, yellow
banding, a vein clearing producing a fern-like pattern or flocking and mottling due to chlorosis is used
to identify the infection. Crucially, symptoms tend to only be observed in the later stage of infection
once the disease might have already spread to neighbouring trees (Gilmour, Crozier and Kouamé,

2015).
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1.7 Control of CSSV.

Since the discovery of CSSV in 1940 in Ghana, numerous attempts at controlling the virus have been
made. The aim is to eradicate the virus and to do so, sources of infection must be identified and

eliminated.

From 1946 onwards, Ghana launched several CSSV Eradication and Rehabilitation Programmes using
the “cutting out method”, where infected and surrounding trees were cut down. This was combined
with the use of synthetic insecticides targeting the mealybugs and the selection of virus-tolerant or
resistant trees. In Ghana alone, 200 million cocoa trees were removed, representing 150 000 hectares
of plantation (Amoah, Dzahini-Obiatey and Owusu, 2010). The main reason for the failure of this
strategy comes from the difficulty of identifying infected trees. Detection and preferably early
detection of plant pathogens is therefore critical to implement an appropriate response and limit the
spread of the diseases. On the onset of infection by CSSV, the range of symptoms can be observed by
inspecting the plants directly in the field. However, direct observation of symptoms does not always
enable a definitive diagnostic. Similar symptoms can arise from both abiotic and biotic agents. They
may also appear once the pathology has spread through the organism and already had a chance to

contaminate other plants.

Lab-based techniques provide a more suitable mean of identifying infection by pathogens. These
techniques detect either nucleic acid or an antigen from the pathogen. Polymerase chain reaction
(PCR) (Sackey, ST; Bartels, PK; Amponsah, 1992) (Muller, Jacquot and Yot, 2001) is the main technique
used to detect CSSV infection. First applied using primers deriving from other badnaviruses, specific
CSSV markers were designed following the publication of the genome sequence of CSSV. Other nucleic
acid-based detection techniques including dot blot hybridization (Sackey and Hull, 1992) and Southern
blot (Sackey, S. T.; Lowor, S. T. & Dzahini-Obiatey, 1995) were also developed. Electron microscopy
following purification of infected samples enabled observation and identification of CSSV, using

negative staining procedures with phosphotungstate (Brunt, Kenten, and Nixon, 1964).This however
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is a difficult procedure which requires highly purified preparation of CSSV extract and that has since
only been repeated successful twice (Lot, Djiekpor and Jacquemond, 1991; Adomako, 1985).
Production of highly purified CSSV samples has also made possible the development of antisera in
animals. Antibodies-mediated molecular methods were successfully applied to study and identify
CSSV. These techniques include enzyme-linked immunosorbent assay (ELISA) (Sagemann et al., 1983),
virobacterial agglutination tests (Hughes and Ollennu, 1993) , immunosorbent electronic microscopy
(Adomako et al., 1983) and immunocapture polymerase chain reaction (ICPCR) (Hoffmann et al.,

1997a).

These methods all have in common a requirement for further development and optimisation and
more importantly substantial operational costs, making them unsuitable as routine diagnostic
procedures for CSSV detection in the west of Africa. PCR was shown to be inhibited by leaf extracts
(Hoffmann et al., 1997b). Furthermore, a recent survey of the ten most used primers for CSSV
diagnostic evidenced high variability in the efficiency of their detection rate, with the best performing

primers pairs exhibiting 23% only (Ameyaw et al., 2022).

1.8 Biosensing.

Biosensors, in contrast, offer the possibility to bring laboratory capabilities directly into the field and
require minimal training of the personnel. Biosensors are measurement devices enabling the
qualification or quantitation of a molecule of biological interest from a target sample. The conceptual
basis of a biosensor was laid in the beginning of the 20 century (Cremer, 1906) when it was
established that the concentration of lactic acid in a liquid could be correlated to the electric potential
created between liquids separated by a glass membrane. Following the discovery of the concept of
pH and later the possibility of immobilising enzymes on solid matrixes, the potential to measure
relevant human biomolecules appeared. The first biosensor invention is credited to Leland C. Clark Jr

in 1956 to measure oxygen (Heineman and Jensen, 2006).
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Biosensors are analytical devices typically composed of a biological recognition element (BRE), a
biomolecule, usually a protein or a nucleic acid, that can recognise and bind to or interact with the
analyte of interest. This binding event is then recorded through a signal transducer. The function of
the signal transducer is to convert the recognition of the biomolecule into a signal that can be
measured at a detector. The third element captures the measurable signal and displays it to the user

as shown below (Fig 1.20).
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Figure 1.20: Diversity of analytes detected biological recognition elements and signal transduction of biosensors.

1.9 Biological recognition elements.
The BRE, or bioreceptor, is the interface between the user and the analyte targeted. BRE are usually
nucleic acids, including modified versions. BREs also include proteins, bacteriophages, whole cells, or

less frequently molecular imprinted polymers (Nawaz et al., 2021). The next sections will focus on

nucleic acids and protein-based bioreceptors.
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1.9.1 Nucleic acid BREs.

Nucleic acid based BREs utilise the ability of nucleic acids molecules to assemble to form double
stranded molecules. The molecular basis of DNA inter-strand bonding was established alongside the
elucidation of DNA structure by Rosalind Franklin and her team (Franklin and Gosling, 1953) who
produced an X-ray diffraction pattern of the molecule in 1953, followed by the demonstration of the
double helix model by Watson and Crick in 1953 (Watson and Crick, 1953). DNA is composed of a
backbone made of an alternation of phosphate and 2- deoxyribose (a pentose) residues, held together
through phosphodiester bonds. On this backbone are attached the two types of nitrogenous bases
included in DNA, the purines, adenine and guanine, and pyrimidines, cytosine, and thymine. A unit
composed of the sugar and phosphate moieties, and the associated base is called a nucleotide and
represents the monomeric component of DNA. A remarkable feature of the polymeric form is the fact
that it has a directionality. The strands are anti-parallel, and the direction is provided by the number
of the chemical moiety present on the end of the molecule: on the 3’ end sits the hydroxyl group of
the ribose and on the 5’ end is found the phosphate group. DNA strands interact via hydrogen bonding
between the nucleotide bases in a way defined by the rule of Chargaff, after the name of the Austrian
biochemist who discovered this principle in 1952 (Elson and Chargaff, 1952) : “the amount of adenine
(A) is usually similar to the amount of thymine (T), and the amount of guanine (G) usually approximates
the amount of cytosine (C). In other words, the total amount of purines (A + G) and the total amount
of pyrimidines (C + T) are usually nearly equal” (Pray, 2008). It has since been found that the adenine
interacts with thymine and guanine with cytosine. The chemical nature of the guanine and the
cytosine allows the formation of three hydrogen bonds between them, where the adenine and
thymine interaction involve two hydrogen bonds only. Therefore, the sequence of a given DNA
molecule will strongly influence its stability. This type of interaction, that is positive for the stability of
the duplex DNA, is known as the Watson and Crick hydrogen bonding or base pairing. H-bonds are not
the only forces involved in the interaction. Indeed, the stability of the molecule is the sum of the forces

enabling bonding between the strands and the negative forces repelling the strands (Horton, 2006).
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Thermodynamics studies (Horton, 2006) have established that the other main force stabilising the
DNA helix structure are the stacking interactions that are created between the pi-orbitals of the
aromatic ring from the nucleotide bases and are of hydrophobic nature (Morozov et al., 2005). Using
the affinity and specificity of the base pairing, DNA or RNA molecules can be selected to bind to a
targeted genomic region of an organism of interest. The biosensor will then be able to detect the

hybridisation of the BRE to the complementary sequence from the organisms targeted.

1.9.2 Aptamers.

Nucleic acid based BRE may be derived from naturally occurring sequences, or alternatively custom
made. Aptamers are synthesised DNA, RNA or XNA (xeno-nucleic acid construct) that emulate the
concept of monoclonal antibodies for antigen recognition, as they are selected to recognise a
biomolecule of interest, with high specificity and affinity. They have been used in a range of fields such
as therapeutical research (Bunka, Platonova and Stockley, 2010), environmental contamination
surveillance (Mishra, Sharma, and Mishra, 2018; Kim et al., 2009; Li et al., 2009) and food safety
(Gaudin, 2020; Reybroeck et al., 2007). Aptamers are identified by the systematic evolution of ligand
selection by exponential enrichment (SELEX), a method that relies on the iterated selection of nucleic
acid sequences flanked by primers from a randomised pool by binding them to the desired ligands.
While conventional nucleic acids such as DNA and RNA are used as aptamers for biosensing, further
developments were introduced to create XNA. Originally designed for the fundamental study of
nucleic acids structure and evolution, (Herdewijn and Marliére, 2009) their improved characteristics
lead to their inclusion in biosensors, as biological recognition elements. Enhanced features of the XNA
are introduced by chemical modifications to any part of the nucleobase. For instance, PNA, or peptide
nucleic acids, are XNA where the phosphate and deoxyribose backbone have been replaced by a
peptide and have demonstrated increased thermodynamic stability, because they possess the
property of being electrically neutral (Ma et al., 2016), which abolishes inter-strand repulsion. In

addition, the modification improves the resistance of the PNAs to nuclease action (Lundin et al., 2006).
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These structural modifications also further enabled the design of label-free assays for the detection

of protein in solution (Xu et al., 2018) , micro RNAs (Li et al., 2016) or DNA (Keighley et al., 2008).

1.10 Proteins BREs.

The two main types of proteins used as BREs are antibodies and enzymes. As with DNA BREs they rely

on the specificity of their interaction with the analyte they are targeting.

Immunoassays have been used for more than sixty years since the seminal work of Yalow and Berson
using radio-labelled antibodies (Yalow and Berson, 1959). Antibody-based biosensors enable
detection of the target without its prior purification, and biological samples such as blood, saliva or
urine may be used directly (Chambers et al., 2008). Furthermore, monoclonal antibodies are specific
and possess high affinity for their ligands. A critical parameter when antibodies are used as BREs is
their immobilization on the platform (Sharma, Byrne and O’Kennedy, 2016), to enable the
epitope/paratope interaction: incorrect orientation of the antibody can result in a 200-fold decrease
in the signal compared to an adequate positioning (Trilling, Beekwilder and Zuilhof, 2013). Usual
strategies to immobilise the antibodies rely either on non-covalent reactions, using electrostatic
interaction or entrapment (John et al., 1991) or by covalent association, using an amine or thiol groups
(Sharma, Byrne and O’Kennedy, 2016). Other immobilisation strategies take advantage of the
structure of the fragment crystallizable (Fc) region of the antibodies and use the affinity-based
interaction with protein G or A, as intermediate proteins, to minimise the potential damages to the
BRE associated with the chemical/physical immobilisation procedures (De Juan-Franco et al., 2013):
protein A or G can be first coated on the surface of the biosensor, providing an adequate orientation
of the antibody through the specific interaction of these proteins with the Fc region. Biosensors based
on antibodies have been developed for the detection a range of analytes from 2,4,6-trinitotoluene
(TNT) (Park et al., 2010), to human viruses like HIV (Encarnacdo et al., 2007) or plant viruses such as
the cucumber mosaic virus (CMV) (Jiao, Sun and Zhang, 2000a) or the bacterium Pantoea stewartii

(zhao et al., 2014), a threat to the culture of corn, jackfruit, sugarcane and rice.
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According to a review on Scopus conducted for the period from 2010 to 2018, protein BREs based on
enzymes were ranked first by the number of articles published, before antibodies based BREs (Nguyen
et al., 2019). This class of biosensor, first used in 1967 (Mehrotra, 2016) uses the catalytic activity of
an enzyme to transform an analyte into a detectable signal, through electrochemistry (Kilic et al.,
2023) . While the immobilisation of the enzyme is, as with antibody-based biosensors, a delicate step,
this type of sensor presents the benefit to be reusable (Katchalski-Katzir, 1993), because the enzymes
are not depleted during usage. Another advantage of using enzyme BREs is the wide variety of catalytic
bioreactions covered by these proteins, enabling in return a great flexibility in the type of signal that
can be captured by the user. This diversity is reflected in the range of applications developed that
utilise enzymes. Such sensors are used for medical applications, with detection of cholesterol (Alvi et
al., 2013) , lactate (Hernandez-lbafiez et al., 2016) , secretory phospholipase group2-llA (Mansor et
al., 2018), a marker of bacterial sepsis, and the most famous glucose sensor for the management of
diabetes (Yoo and Lee, 2010), or for environmental analyte monitoring with an assay detecting
catechol, a phenolic pollutant (Kurbanoglu and Ozkan, 2018). Enzyme biosensors have also been
developed for the assessment of food products, with assays designed for the detection of tyramine, a
toxic derivative of tyrosine (Sdnchez-Paniagua Lopez, Redondo-Gémez and Lépez-Ruiz, 2017), L-
ascorbic acid (lbupoto et al., 2011) and glucose content in fruits (Ang, Por, and Yam, 2015). Volatile
organic compounds can be markers of pathogen infection in plants and assays using enzymes were
developed for their detection, for instance, methylsalicylate that is produced by plants in response to
a biotic stress (Fang, Umasankar and Ramasamy, 2016) using alcohol oxidase and horseradish

peroxidase as enzymatic BREs.

1.11 BRE integration to biosensing platforms.

The interaction of the BRE with the target analyte produces a measurable physicochemical change
that a specific transducer will be able to record. Biosensors may be classified depending on the nature

of the transducers. Electrochemical transducers-based biosensing platforms are designed to respond
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to electricity. Thus, amperometric transducers rely on a change in electric current, potentiometric
transducers on voltage signal variation, impedimetric biosensors on impedance changes and on
conductivity changes through conductive polymers for conductimetric transducers all resulting from
the BRE/analyte binding event (Dyussembayev et al., 2021), often via the reaction between a labelled
enzyme and an electroactive substrate. Alternatively, transducers may react to the modification of the
mass of analyte biomolecule detected by the BRE. Quartz crystal microbalance transducers take
advantage of the piezoelectric properties of quartz crystals (Bragazzi et al., 2015). A thin section of
quartz crystal is assembled to an electrode, providing a current enabling the quartz to resonate. A
mechanical pressure will elicit a modification of the resonance frequency that can be recorded and
associated with the binding of the BRE to the target analyte. Another type of mass modification
transducer relies on microfabricated cantilevers (Fauver et al., 1998), wherein the BRE is attached to
the tip of the cantilever and upon interaction with the target analyte, the resulting deflection of the

cantilever is detecting by optical measurements mediated by a laser diode.

These technologies have been used for the development of several types of biosensors for the

detection of pathogens in crops of economic interest (Table 1.2).
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Table 1.2: Examples of biosensors developed for the detection of plant viral infection.

Target
Techniques Crop Limit of detection Reference
pathogen(s)
Voltammetric enzyme-based | Cucumber mosaic (Jiao, Sun, and Zhang,
Cucumber 0.5 ng/mL
biosensor virus 2000b)
Amperometry (polypyrrole
Cucumber mosaic (Chartuprayoon et
nanoribbons on gold Cucumber 10 ng/mL
virus al., 2013)
microelectrode array)
Surface plasmon resonance Cymbidium
Orchids 48 pg/mL (Lin et al., 2014)
biosensor mosaic virus
DNA hybridization Candidatus (Wongkaew et al.,
Sugar cane 4.7 pg/mL
voltammetric system Phytoplasma 2014)
cynodontis
Banana streak
Electrochemical based
virus, Banana Banana 50 fmol (Tang et al., 2007a)
biosensor
bunchy top virus
Quiartz crystal microbalance
Potato virus x Potato 2 ng/mL (Drygin et al., 2012)
biosensor
Prunus necrotic Genus Prunus,
Impedimetric Immunosensor 250 ng/mL (Jarocka et al., 2013)
ringspot virus Rose, hops
Lateral Flow Assay (Gold
Potato virus x Potato 2x103 pg/mL (Razo et al., 2018)
nanoparticles tag)
Pantoea stewartii
Lateral flow immunoassay Maize 5.38 pg/mL (Feng et al., 2015)
subsp. Stewartii
watermelon silver (Charlermroj et al.,
Magnetic microsphere assay Watermelon 20.5x10% pg/mL

mottle virus

2013)
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1.11.1 Optical biosensors.

Optical biosensors are the most common type of biosensors (Damborsky, Svitel and Katrlik, 2016),
because they can yield fast results directly readable without requiring complex equipment. This
enables a reduction in the cost associated with the fabrication of the sensor (Qin et al., 2022). They
can be classified as either label or label-free detection, depending on how the binding event is

monitored.

Label-based sensors involve the production of light, fluorescence or colour change using a reporter
molecule following the interaction between the BRE and the analyte of interest. Label-free assays, on
the other hand, do not require addition of a reporter molecule. Surface plasmon resonance (SPR),
described four decades ago (Liedberg, Nylander and Lunstrom, 1983) is based on the production of
plasmons, a measurable oscillation of quasiparticles generated by electron movements occurring at
the interface between glass and a liquid upon illumination with a polarized light at a set angle, that is
captured on the surface of the sensor (Damborsky, Svitel and Katrlik, 2016)and does not necessarily
require additional labelled probes. Instead, a quantifiable signal can be created by the modification of
the angle of reflection of the polarized light consecutive to the binding of the analyte, for instance an
avian influenza virion (Bai et al., 2012), or by the change in colour due to aggregation of metallic

nanoparticles for the detection of the bacteria Vibrio fischeri (Shin et al., 2018).

1.11.2 A biosensor to detect CSSV “in field"?

For the ‘in field’ detection of CSSV in cocoa in West Africa, an ideal diagnostic device would utilise a
biosensor that is specific, sensitive, fast, cheap to produce and easy to use by non-qualified personal.
With these specifications in mind, an optical biosensor would be ideal because of their low cost and
because the outcome of the test can be visualised in the field (Eksin and Erdem, 2023). Furthermore,

this type biosensor is reliable, sensitive, and robust (Chen and Wang, 2020).
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1.11.3 DNA optical biosensor to detect CSSV.

Targeting the DNA of CSSV using an optical biosensor through DNA hybridization could be a
suitable approach. Since the production costs should be kept low, strategies involving complex
transducers such as SPR, optical fibres or advanced signal detection equipment to detect
chemiluminescence or fluorescence would not be appropriate. Instead, the strategy should rely on

the production of a directly observable signal.

One of the main challenges arising for the development of a DNA hybridisation biosensor using current
protocols lies in the control of hybridization temperature on a portable device, whilst keeping the
production costs low. Traditional laboratory hybridization techniques for nucleic acids such as
Southern, northern or dot blot rely on temperature modification and long incubation times (up to 12-
16 hours); these are typically conducted in a laboratory set-up (Ausubel et al., 2003). Traditionally,
probes are oligonucleotides tagged with either a radioactive nucleotide or with a biotin moiety to
enable the use of safer chemiluminescent detection systems. These methods give information about
the presence or absence of given targeted sequences within a genome or a sub- genome. The
biological principle underlying this technique is the ability of the DNA strand to bind to its
complementary sequence in a specific manner. Modification of temperature and ionic strength is
currently used to denature double stranded DNA and then enable hybridisation. However, controlling
the temperature in the field is not ideal because it would increase the cost of the device. An
alternative approach is a “cold hybridization” which would enable hybridisation of target DNA and

oligonucleotide probe at room temperature.

1.11.4 Protein optical biosensor to detect CSSV.

A protein based BRE could be used as well to immobilise the DNA of CSSV from infected T. cacao
samples. At the time of the design of this project, no antibodies to CSSV were available. However, zinc
finger proteins (ZFP) have the potential to bind to any nucleic acid sequence (Grover et al., 2010) and

as such represent an interesting avenue to design bespoke biological recognition elements to target
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any genome region of CSSV. ZFP are metalloproteins involved in a range of physiological pathways
including DNA recognition and transcriptional activation (Krishna, Majumdar and Grishin, 2003a). A
more detailed account of zinc finger structure and function is detailed in the second chapter. Besides,

this class of protein has been successfully used in optical biosensors (Shim et al., 2021)

Aims and objectives of the thesis.

The aim of this project is the design and functional testing of integrated tools for the
development of a biosensor to detect CSSV in the field. The design is required to accommodate with
the specific context of a usage in West Africa and requirements are set to limit both the production

costs and the training required by the field workers to operate the biosensor.

The first objective is to design, produce and test the functionality of a synthetic zinc finger protein

based BRE to detect the virus. This will be achieved by first selecting a conserved locus within the de
novo sequenced genome of an isolate of the strain New Juaben (NJ) of CSSV, a Ghanaian strain

maintained at the envirotron at UWE.

The second objective will focus on developing a nucleic acid based BRE that relies on a combination

of DNA probes aimed at hybridising with the CSSV genome of the same New Juaben (NJ) strain. The
ability of the BRE to interact with its target will be assess by dot blotting and High Resolution Melt

(HRM) analysis.

The third objective is to create a simple DNA extraction method from either CSSV-infected T. cacao

leaves or vascular tissues that is compatible with the assay used in the biosensor and to test the BRE
developed on CSSV infected T. cacao tissue extracts. Detection of the target viral sequence will occur

through a newly developed “cold” hybridization method, to limit the equipment required in the field.
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Chapter 2 : Production of a DNA-binding protein as a
Biological Recognition Element to capture CSSV DNA.

2.1 Introduction

Proteins are one of the biomolecule classes commonly used as the biological recognition element
(BRE) of biosensors. Conveniently produced and offering high specificity, they constitute an
instrument of choice to target an analyte of interest. Proteins traditionally used as the biological

recognition element of a biosensor are antibodies or enzymes.

Immobilised, modified, or native antibodies have been successfully employed to detect plants of
agronomic relevance such as cowpea mosaic virus (Torrance et al., 2006), tobacco mosaic virus (Dubs,
Altschuh and Van Regenmortel, 1992) and orchid viruses (Eun et al., 2002) using laboratory-based
biosensing platforms. Antibodies may be used without requiring an additional label, depending on the
signal transduction system they are used with. Surface plasmon resonance-based sensors for instance
enable the detection of the antibodies’ target by measuring a difference in the refractometry of the
sensor surface. Likewise, antibodies immobilised on a quartz crystal microbalance will allow the
measurement of changes in the resonance oscillation frequency following binding of the targeted
antigen. Orientation of the immunoglobulins is important to elicit appropriate binding of the cognate
antigen and particular care must be given to the chemistry used for the attachment of the biomolecule
to the surface of the sensor. The most usual substrates to which the antibodies have to bind to are
inorganic (metal, glass) (Skottrup, Nicolaisen and Justesen, 2008). Antibodies are either directly
physically adsorbed to the surface or chemically covalently attached to the substrate. Several
companies are now providing ELISA and lateral flow tests for detecting plant pathogens of crops of
agricultural interest. While providing fast results, these tests are not cost-effective; for example, fire

blight diagnostics for apple orchards cost between $4.25 and $8.50 per sample, and the limit of
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detection of the devices was a 1000-fold lower than a system relying on nucleic acid amplification: the
minimum CFU detected was 1x108 for the LFT and 1x103 for the NAT (Singh et al., 2021). Similarly, LFTs
developed to detect the Potato Virus Y were found to be 1000-fold less sensitive than loop-mediated

isothermal amplification assay (Przewodowska et al., 2015).

Enzymes are also highly specific biomolecules that interact selectively with their substrate to catalyse
a biochemical reaction. The first blood glucose test strip, developed in 1964 by Anton H. Clemens
(Hirsch, 2018) used a mixture of immobilised glucose oxidase, peroxidase and a chromogen, the latter
providing a signal indicative of the concentration of blood glucose in a dose-dependent manner
(Krynski and Logan, 1967). Enzymatic reactions are now used coupled to electrochemical transduction
platforms by utilising the bio-electrocatalytic abilities of selected enzymes immobilised on an
electrode to produces a current when the target analyte is recognised. This system has enabled the
detection of plant pathogens, although indirectly, by detecting biotic stress molecules such as volatile
organic compounds (VOC). A portable biosensor was developed using three enzymes, esterase,
salicylate hydroxylase and tyrosinase immobilised on a screen-printed electrode for detecting methyl
salicylate, which is produced by the infected plant in response to tobacco mosaic virus infection (Fang

and Ramasamy, 2018).

While interesting, neither of these types of proteins are commercially available to detect cacao
swollen shoot virus. Purified, readily available antibody does not exist and could prove arduous to
produce cost effectively. Recently, antibodies to CSSV have been produced in vitro (Allainguillaume et
al., 2019). However, the efficacy of this antibody needs to be confirmed on a wider range of plant
material. Also, the pathogenic mechanisms consecutive to a CSSV infection are not well understood

yet, which prevent the selection of relevant targets for a suitable enzyme-based biosensor system.

In contrast, DNA-binding proteins constitute a potential, yet unexplored avenue for capturing analytes
of interest. They theoretically possess both selectively and sensitivity, which are required

characteristics of an adequate biological recognition element. Amongst DNA-binding protein, zinc
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finger proteins (ZFP) are a major class, with an estimated 3-10% of the human and murine genome
encoding them (Andreini et al., 2005; Andreini et al., 2006) and as such have been extensively studied.
First revealed with a study on the transcription factor IlIA (TFIIIA) (Miller, McLachlan, and Klug, 1985),
a eukaryotic nucleic acid binding protein binding to both DNA and RNA (Shastry, 1996) from Xenopus

laevis oocytes, their three-dimensional structure has since been resolved.

This type of metalloprotein is well defined and is characterised by the presence of one or multiple
(thirty to a hundred amino acid) zinc finger domains bound to a zinc cation (Zn?*). Resolution of the
structure of TFIIIA enabled the understanding of the structure of the zinc finger domains. The structure
relies on the cysteine (C) and histidine (H) residues that coordinate the zinc cation, stabilising the

structure of the domain (Figure 2.1).

Histidine
Histidine

%%)qnc cation

Cysteine

Cysteine
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Figure 2.1: C2H2 Zinc finger protein domain. Two histidine residues on the a-helix and two cysteine residues on the B-

sheets interact with a zinc cation to stabilise the structure of the domain.

This arrangement gave its name to the C2H2 or CCHH motif which is a signature of the zinc finger
domains. When the histidine residues are substituted, TFIIIA loses its ability to regulate transcription
(Del Rio and Setzer, 1993). The consensus sequence of the C2H2 domains is O-X-C-X;.4-C-X3-O-X5-0-X»-

H-X3.4-H-X5.6, where X is any amino acid and O is a hydrophobic residue. The three-dimensional
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structure of the zinc finger domains is composed of two B-sheets containing both conserved cysteines
of the canonical motifs, connected to an a- helix with both histidines involved in the binding to the
zinc cation. C2H2-like domains are the most prevalent DNA-binding domains found in metazoan
proteins (Persikov et al., 2015). Typically, several of these domains are arranged to bind to their
cognate DNA molecule, with each domain binding specifically to three consecutive nucleotides on the
same strand, 3’ to 5’. A potential fourth nucleotide may be bound to the domain, establishing a cross-
strand connection. Contact is made with the major grove of the DNA molecule through canonical
positions located on the a-helix of each domain (Wolfe, Nekludova and Pabo, 2003). Because of the
wide variety of domains existing, any DNA molecule can theoretically be bound to a given combination
of C2H2 units. This potential has been used to design genome editing tools by targeting site-specific
double-strand breaks using a fusion of the DNA-binding domains of the Zinc finger proteins to the
bacterial type IS Fokl endonuclease. This led to the modification of plants of agronomic interest
(Townsend et al., 2009), analysis of the model organisms Drosophila melanogaster and Caenorhabdlitis
elegans (Bostan and Elibuyuk, 2010) and Xenopus laevis oocytes (Bibikova et al., 2001). Genome
editing procedures now mainly rely on the Clustered-Regularly Interspaced Palindromic
Repeats/CRISPR-associated proteins (CRISPR/Cas) system. However, zinc finger proteins, with their
relative ease of use and production cost, are an interesting tool for specifically targeting a region of

interest within a genome.

The mechanism underlying the recognition of specific DNA sequences by corresponding zinc finger
domains has been well studied and has led to the creation of web-based bioinformatic tools such as
Zinc Finger Tools (http://www.zincfingertools.org) (Mandell and Barbas, 2006). Authors have
considered known cognate DNA triplets of each zinc finger domain to design a corresponding alphabet

|II

of sixty-four domains to create “polydactyl” recombinant synthetic proteins able to bind unique DNA
sequences (Beerli et al., 1998). Characterization of the domains is based on structure determination,
site-directed mutagenesis, and phage-display selection (Mandell and Barbas, 2006; Dreier, Segal, and

Barbas, 2000).

36



2.1.1 Aim and objectives of this chapter.

This chapter describes the design, fabrication, and functionality testing of a synthetic zinc finger

protein to be used as a BRE for detecting CSSV’s genomic DNA.

Objectives are set as follows:

The feasibility of designing an 18 bp unique target sequence from CSSV NJ will be evaluated.
This will be achieved by screening the genome sequence of CSSV NJ using the zinc finger tool
website (http://www.zincfingertools.org) to search for potential zinc finger binding sites and

select a candidate protein.

The candidate zinc finger protein will be produced. The gene corresponding to the protein will
be cloned into a bacterial expression system and the recombinant produced. This process will

be monitored by SDS-PAGE and Western blotting.

The functionality and specificity of the zinc finger will be assessed by a combination of
biochemical tests. The Double Filter Binding Assay (DFBA) will determine if the protein binds
to a synthetic short oligonucleotide containing the targeted sequence. Electrophoretic
Mobility Shift Assay (EMSA) will determine the binding specificity of the protein to two
genome amplicons. HRM will be assessed to evaluate if it can be used to inform about the

binding of the protein to oligomeric cognate DNA sequence.

The feasibility of using the protein as BRE will be investigated by pull-down assay using both
magnetic particles with DNA extracts from CSSV-infected Theobroma cacao samples.
Superparamagnetic particles modified with nickel will be used to capture the recombinant

zinc finger protein pre-incubated with DNA extracts from infected T. cacao samples.
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2.2 Material and Methods.

2.2.1 Zinc Finger production.

2.2.1.1 Zinc finger design.

The genome sequence of CSSV NJ, a strain of CSSV originally from Ghana and maintained at the UWE
envirotron, was copied in the search field of the “zinc finger tools” website (Barbas and Mandell,
2006). The website scans the target genome for ZFP binding sites and returns candidate regions based
on the set parameters. Selected regions are associated with a set of binding zinc finger domains. The

tool also provides the DNA sequence corresponding to the protein so the gene can be cloned.

The size of the targeted region was set to 18 base pairs, because this is the shortest theoretical unique
sequence within a genome (Choo and Isalan, 2000). Parameters selected for the search were total
library of zinc fingers, all triplets, search on contiguous sites with a minimum target size of 18 base
pairs, not on both strands. The website then returns a list of potential sites with a score for each.
Several scoring options are available on the site and the “base score” that relies on an ELISA-based
screening of each domain affinity towards a given DNA triplet to provide the most optimal

combination of domains, was selected.

Candidate ZFP binding sites were aligned on the sequence of the CSSV New Juaben isolate used in this

study and a blast search against the non-redundant nucleotide database was performed.

2.2.1.2 ZFP2143K Expression and purification.
The 528bp synthetic gene coding for the candidate zinc finger protein 2143K was commercially
synthetised by assembling synthetic oligonucleotides and PCR products by Invitrogen, cloned into a

pMK-RQ vector, and delivered in Escherichia coli K12 DH10B T1R cells (Invitrogen, UK).

The gene was then subcloned in a pET-21(+) expression vector (Novagen, UK) that enables high level
expression under the T7 promoter and adds an hexahistidine tag at the C-term of the protein. Cloned

plasmids were transformed in E. coli DH5a cells. Cells were screened by extracting the plasmids and
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digesting by BamHI/Ndel and Ndel/Xhol to verify the correct sequence insertion. Plasmids from
positive clones were transformed by heat shock into E. coli BL21(DE3) strain for expression. Resulting

clones were screened by PCR and positive clones inoculated onto fresh media for propagation.

Overnight cultures from positive clones were diluted and induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) for three hours when the optical density of the culture reached the
exponential phase. Cells were then collected by centrifugation and the pellet frozen. Thawed pellets
were weighed and resuspended in ZFP Lysis buffer containing 50 mM NaH,PQO4, 300 mM NaCl, 10 uM
ZnCl;, pH 8 with NaOH, supplemented with a protease inhibitor cocktail (Sigma-Aldrich, UK) and
1mg/mL lysozyme (Thermo, UK). Lysates were incubated for 30 min on ice then pulse-sonicated (6x10s
with 10 s pauses, at 240 W). Lysed samples were then centrifuged at 10,000x g for 20 min at 4°C.
Supernatant fractions were collected to be further purified by immobilised metal affinity
chromatography (IMAC). Pellets were also collected to evaluate the solubility of the recombinant

protein.

The soluble supernatant fraction was incubated with a 50% slurry of Ni-NTA agarose (Qiagen) that was
previously equilibrated in wash buffer (ZFP Lysis buffer supplemented with 20 mM Imidazole) for 1h
at 4°C on a spinning wheel. Incubated lysate was spun 2 min at 1000x g to collect the agarose beads.
Supernatant was kept and labelled Flow-through, for analysis. Agarose beads are washed twice in
three times their volume of wash buffer and washed fractions were kept too. The recombinant protein
was then eluted with elution buffer (Lysis buffer supplemented with 250 mM Imidazole) and kept at

4°C until further use.

2.2.1.3 SDS-PAGE and western blotting.

e SDS-PAGE.

Fractions from the purification were analysed by SDS-PAGE using Tris Glycine pre-cast polyacrylamide
gels (Biorad, UK) in 1x Tris/Glycine/SDS buffer (Biorad, UK) (25 mM Tris, 192 mM glycine, 0.1% SDS,

pH 8.3). Samples were mixed with Laemmli sample buffer (Biorad, UK) and 2,5% p-mercaptoethanol
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and incubated at 95°C for 5 min and run on a Mini-Protean electrophoresis cell (Biorad, UK). Precision
plus marker was run alongside the samples (Biorad, UK). Gels were stained after the run with Bio-Safe

Coomassie Stain (Biorad, UK).

e Western blotting.

Gels were transferred to nitrocellulose membranes (Amersham), with a semi-dry transfer cell
(Transblot SD Biorad) in Tris-Glycine-Methanol buffer (48 mM Tris, 39 mM glycine, 20% methanol), pH

9.2 for 60 min at 10V.

Membranes were subsequently blocked in PBS+ 0.1% Tween 20 + 5% Non-fat dried milk or 5% Bovine
serum albumin (BSA) (Sigma, UK) for 60 min at room temperature. Horseradish peroxidase (HRP)-
conjugated Anti-6X His tag (Abcam, UK) diluted to 1/7500 was then added and incubated for 60 min

at room temperature. Membranes were then washed three times in PBS + 0.1% Tween 20.

Membranes were then incubated with HRP chemiluminescent substrate (Pierce, UK), and signal

acquired using a Li-Cor Odyssey imaging system (LICORbio, UK).

2.2.1.4 ZFP2143K Quantification.
Purified recombinant ZFP2143K was quantified using a bicinchoninic acid (BCA) Protein Assay Kit

(Pierce) following the manufacturer’s instructions.

2.2.2 Zinc Finger functionality testing.
2.2.2.1 Oligonucleotides and primers.
Two types of DNA material were used as a substrate for the recombinant DNA binding protein

ZFP2143K: genomic fragments of CSSV NJ and oligonucleotide probes.

The double-stranded sequence recognised by ZFP2143K computed by the zinc finger tools website
was modified by adding respectively 3 and 4 bp to each side of the 18 bp target sequence, to facilitate
the binding of the recombinant, and the resulting oligonucleotide was named 2143ROl. The

complementary, antisense version of the probe was also synthesised and named 2143ROIC. A
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biotinylated version of theses probes was als-o used for detection of fragments using streptavidin-

HRP.

Fragment S1, a genomic portion of CSSV containing the target 18bp sequence targeted by ZFP2143K
was amplified with the primer pair S1F and S1R. Another fragment S6 was amplified with the primer
pair S6F and S6R, did not contain the target sequence and was used as a control. The sequences of
the primers are listed in Table 2.1. The oligonucleotides used in this section are derived from the
sequence of CSSV New Juaben (CSSV NJ) that was sequenced for this work (Chapter 3). HPLC or HPSF-
purified DNA oligonucleotides, including biotinylated probes, listed in Table 2.1, were obtained from

Eurofins (Germany).

Table 2.1: Oligomeric probes and primers used in this chapter.

Primer name Sequence 5'-3’ Size (bp)
2143RO0l ATAAGAGAACACACTGTAGCAGTCT 25
2143R0OIC AGACTGCTACAGTGTGTTCTCTTAT 25
S1Forward GCATTTCCATCAGATTCCATGA 22
S1Reverse TTTAAGAATCTTGGCACGTGTG 22
SéForward AATCAGGCACTGTTATTGATCC 22
S6Reverse AATTTTCCACTAGCGTAGGCAC 22

2.2.3 ZFP2143K DNA substrate synthesis and purification

Polymerase chain reactions (PCR) to produce CSSV genome fragments used for analysis were set-up
as follows: 5 plL of CSSV NJ-infected T. cacao DNA extract was used as a template and combined with
5 uL Ampligold 10x Buffer (Applied Biosystems), 1 uL 10 mM dNTP solution, 3 puL MgCl,, 0.25 pL
AmpliTaq polymerase (Applied Biosystems), 10 uL 0.2 uM forward primer, 10 uL 0.2 UM reverse primer

and DNAse-free water to 50 pL.

PCRs were set up in a Rotor-Gene Q (Qiagen) using the following programme: 95°C for 10 s, then 35

cycles: 30 s at 94°C, 30 s at 58°C, and 60 s at 72 °C, with a final 300 s elongation step at 72°C.
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Subsequently, fragments were run on a 0.8% agarose gel, excised using a sterile scalpel blade and
purified using the GenelET PCR purification kit (Thermofisher). Eluates from the kit were pooled and

guantified using a NanoDrop 1000 UV-Vis spectrophotometer (Thermofisher).

2.2.4 Agarose gel Electrophoretic Mobility Shift Assay.

The Electrophoretic Mobility Shift Assay (EMSA) is a well-established technique (Fried and Crothers,
1981) to determine the degree of protein/nucleic acid interactions (Altschuler, Lewis and Wuttke,
2013), and can be used to evaluate the functionality of DNA-binding protein. DNA sample and the
studied protein were mixed in physicochemical conditions allowing the binding of one to another.
Here a PCR-amplified fragment of CSSV containing the cognate substrate to the zinc finger protein was
incubated with the recombinant in a formulated buffer. DNA/Protein binding reactions were set to 20
uL by mixing reagents as follows: 2 yL 10X Binding Buffer (100 mM Tris, 500 mM KCI, 10 mM DTT, pH
7.5), DNA (1 to 5 uL), ZFP2143K (0 to 5 pL) and DNAse-free water to 20 uL. When required, binding
reactions were supplemented with extra DNA molecules: 1 pL Salmon Sperm DNA solution at 50 ng/ulL
(ThermoFischer). Binding reactions were incubated at 25°C for 30 min at room temperature to allow
interaction of the protein with the DNA and then stopped using 5uL of 5X loading buffer (EMSA
LightShift kit, ThermoFisher). Subsequently, the binding reactions were deposited in the wells of a 0.8
to 1.2% TAE (Tris-Acetate-EDTA) agarose gels and run at 120 V for 45-60 min. A detection system
labelling either the protein or the nucleic acid part of the reactants then enables the electrophoretic

pattern of the samples to be determined by being run on a gel.

The gels were then post-stained with Sybr Safe (ThermoFisher, $33102) using the manufacturer’s
instructions that targets the DNA, enabling the visualisation of the binding pattern of the recombinant.

Gels were then imaged using a camera coupled to a UV transilluminator.

2.2.4.1 EMSA Signal acquisition and measurement.
Fluorescence signal from the PCR fragments was measured using the Fiji imaging software (Schindelin

et al., 2012b) as follows: pictures were opened in Fiji and a rectangular section the size of the
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fluorescent dye-stained DNA, defining a region of interest (ROI) was created and saved. The function
“Analyze>Gels>Select first lane” was used to label the signal in the first lane of the gel. The process
was iterated with all lanes of the gel analysed using “Analyze>Gels>Select next lane”. The “Plot Gels”
function was used to render the signal corresponding to the samples measured. A line was manually
drawn on the top of each bell-shaped curve produced by the software using the straight-line pointer.
The magic wand pointer was then selected to measure the area defined by the straight line and the
curve. This was repeated for all samples and the corresponding pixel density measurements were

copied for analysis in an excel spreadsheet.

2.2.5 Double filter binding assay.

The Double Filter Binding Assay (DFBA) summarised in Figure 2.2, was inspired from a method
developed by Wong and Lohman (Wong and Lohman, 1993). In this assay, binding reactions containing
the DNA binding protein and biotin-labelled DNA oligonucleotides previously diluted to 2 pM in AB1X
and heated to 95°C for 5 min and left to anneal at RT until cooled down targets were mixed, and
incubated as follows: 5 pL of (biotinylated oligonucleotide, 5 uL of ZFP2143K, 2 pL 10X Binding Buffer
(see EMSA 2-3), 0.1 pL Salmon Sperm DNA (50 ng/uL final) and DNase-free water to 20 pL final reaction
volume. Binding reactions were incubated for 30 min at 25°C. In the meanwhile, a vacuum manifold
dot blotting apparatus (Bio-Rad, Bio-Dot SF Microfiltration Apparatus 1703938) was assembled with

three filter papers at the bottom.
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Figure 2.2: Principles of the Double Filter Binding Assay (DFBA).

A stack of membrane and filter paper are assembled and placed in a vacuum-manifold dot blotter. Binding reactions
(ZFP2143K+DNA) are loaded on the top of the stack and the differential capture of either DNA/protein fractions, or the
DNA/protein complexes is observed.

Reactions were then loaded onto a stack of membranes. The top layer was a nitrocellulose (NC)
membrane (ThermoFischer, 77010) pre-incubated overnight at RT in Annealing Buffer 1X with 50 uM
ZnClyat RT that has the property to bind proteins but not double stranded DNA. The bottom layer that
is placed just below the NC membrane was a nylon (NY) membrane which can bind nucleic acid. Nylon
membranes (Biodyne™, Thermo Scientific 770160) were previously incubated in 0.4 M KOH for 10 min
atroom temperature and then rinsed in distilled water until the pH went neutral again, then incubated
overnight in Annealing Buffer 1X (AB1x: 10 mM Tris pH 8, 50 mM NaCl, 1 mM EDTA) supplemented
with 50 uM Zinc chloride ZnCl, at room temperature (RT). Both membranes were then placed on wet
Whatman filter paper and placed in a dot blotter to apply the binding reactions. Wells were first rinsed
with 100 uL AB1X then the samples were applied, and vacuum filtered. Wells were then washed twice

with 100 uL AB1X and the membranes were collected. In this assay, the DNA targeted by the ZFP are
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biotinylated oligonucleotides, to allow their detection. Streptavidin coupled to HRP is used to detect
the DNA: the signal generated in this assay therefore derives from the biotinylated double-stranded
oligonucleotides and is used to trace where the binding reactions are located (top or bottom
membranes). Both membranes were blocked in PBS+0.1% Tween 20 supplemented with 2,5% Non-
Fat dried milk for overnight. Membranes were washed twice in PBS+0.1% Tween 20 for 5 min and a
conjugated streptavidin-horseradish peroxidase (Invitrogen) 1/500 dilution was applied on the
membranes in PBS+0.1% Tween 20. Membranes were washed twice in PBS+0.1% Tween 20,

chemiluminescent substrate applied (Pierce) and imaged using a Li-Cor Odyssey.

A gradient of ZFP2143K was combined with fixed amount of labelled, annealed biotinylated
oligonucleotide (2143ROI + 2143ROIC = the DNA sequence targeted by ZFP2143K). The inverse
experiment was also conducted, where fixed amount of protein was mixed with a range of ZFP2143K.
Controls were set-up as follows: No protein control, No DNA control, Competitor unlabelled DNA:

equimolar amount of non-biotinylated oligonucleotide mixed with labelled oligonucleotide and ZFP.

It was anticipated that the double stranded oligonucleotides cannot bind the NC membrane.
Therefore, any signal on the NC membrane means that the immobilised protein was able to form
complexes with the DNA. Furthermore, if the protein does not bind to the DNA, the oligonucleotides

would go through the NC membrane and bind to the NY membrane located underneath.

2.2.6 ZFP2143K-CSSV high resolution melting analysis.

A ZFP/CSSV high resolution melting assay (HRM) was designed to address whether the interaction
between the DNA binding protein and its substrate could be monitored using HRM analysis. DNA
fragments were mixed with the fluorescent dye SYTO 13 (Invitrogen) and then combined with

increasing amount of ZFP2143K.

Reaction containing 2 uM solution of the 2143R0I/AS oligomers were annealed in AB2X (Annealing

Buffer 2X: 20 mM Tris, 100 mM NaCl, 2 mM EDTA, pH 8) or Binding Buffer 1x (10 mM Tris, 50 mM KClI,
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1 mM DTT; pH 7.5) in the Rotor-Gene Q thermocycler using the following programme: 95°C for 300s

then ramp down from 95°Cto 30°C in 45 min. Annealed samples were then kept on ice until processed.

Binding reactions were prepared by mixing 5 pL annealed 2143ROI/AS to 5 pL ZFP2143K (at 866
pg/mL) in 10 puL AB2X or BB1X. Reactions were incubated for 30 min at 30°C in a dry block. 5 pL of
SYTO13 dye diluted to 50 uM were then added and the samples placed in the Rotor-Gene Q for HRM

analysis.

Samples were run on the following program: HRM cycle, 30 to 90°C, rising by 0.1 degree each step,
wait for 90 s of pre-melt conditioning on first step, wait for 2 s for each step afterwards. Gain was
optimised before melt on all tubes, with the gain giving the highest fluorescence less than 95 being

selected.

Data was acquired and analysed using the Rotor-Gene Q manufacturer’ software: Rotor-Gene Q Pure
detection version 2.3.5. Fluorescence levels were compared between samples with or without ZFP
during the period preceding the melt and the temperature of melt was also recorded. Graphs were
made using Minitab (Minitab LLC, 2022), for the normalised fluorescence melting curve profiles and

MS Excel version 2304 for the fluorescence plots.

2.2.7 Pull down assay of CSSV using Histidine-modified magnetic particles.

Superparamagnetic particles modified with nickel were used to target the hexahistidine tag that was
inserted at the C-terminal end of the protein. This tag is normally used for the immobilized metal
affinity chromatography purification step in the production of the recombinant. The chromatography
takes advantage of the affinity of the protonated nickel bound on the resin for the nitrogen of the
imidazole ring present on the histidine residues of the recombinant protein. The nickel ions have six
ligand binding sites in their coordination sphere, with four used to bind the nitriloacetic acid, and two
available to interact with two histidine residues (Crowe et al., 1994). The bond is disrupted
traditionally by adding buffers containing imidazole at concentrations that competes with the

imidazole ring from the tag, creating a displacement of the affinity from the resin to the buffer,
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releasing the recombinant from the purification matrix into the media. In this experiment, the
particles are repurposed with the aim of capturing viral DNA-bound ZFP2143K from binding reactions

set-up with infected plant extracts.

HisPur™ Ni-NTA Magnetic Beads superparamagnetic beads (ThermoFisher) were placed in four 200 pL
volumes of equilibration buffer (PBS1x, 0.05% Tween 20, 30 mM Imidazole, pH 8), vortexed 10 s,
placed on the magnetic stand to collect the beads and the supernatant removed and resuspended in

800 pL of equilibration buffer.

In parallel, DNA was extracted from CSSV NJ-infected T. cacao leaves using liquid nitrogen and Plant

DNeasy kit (Qiagen).

Calibrated leaf sections were cut using a coring tool producing 7 mm diameter discs. Resulting samples
were weighed. 25 mg sections were frozen in liquid nitrogen and broken-down using tweezers. Whole
DNA was then extracted using the guanidine salts method with the DNeasy plant mini kit (Qiagen,
69104), eluted in TE buffer, and quantified with a Nanodrop UV Vis spectrophotometer (Thermo). 45
pL of the DNA solution was combined with 10 pL of a range of ZFP2143K and 345 plL equilibration
buffer and incubated 30 min on a rotating shaker at RT. DNA/protein binding reactions were added to
50 pL of the equilibrated beads and incubated for 30 min on a rotating shaker at RT. Beads were then
either washed twice in 500 pL wash buffer (Phosphate Buffer Salinelx (PBS), 0.05% Tween 20, 50 mM
Imidazole, pH 8) or twice in 2x Sodium Citrate Saline(SSC)+Sodium dodecyl sulphate (SDS) 0.1%. Beads
were placed on the magnetic rack; wash buffer was decanted and 50 pL TE buffer was added to the

preparations. Samples were eluted by heat treatment for 5 min at 95°C.

2.2.7.1 gPCR on DNA eluted from the magnetic particles.

The efficacy of the recombinant to extract viral DNA from plant samples processed with the magnetic
beads was evaluated by quantitative PCR (qPCR) using primers targeting the reverse transcriptase (RT)
of CSSV. A nuclear genome locus positioned next to the simple sequence repeat (SSR) mTcCIR25 from

T. cacao was assessed via qPCR alongside all samples, to quantify the quantity of plant DNA co-purified
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with the viral sequences. mTcCIR25 is a single nuclear locus enabling quantification of plant genome
number. In parallel, a set of synthetic RTase target consisting of a range of increasing copy number
(500, 5000, 50000 and 500000) and amplified using the RTase assay was used to determine the copy

number for both viral and nuclear genomes.

Table 2.2: Primers, probes, and reference CSSV fragment sequences used in the PCR quantification of the particles
extracted DNA.

Description Forward primer Reverse primer Probe

CSSV RTase probe

CSSV Reverse Transcriptase F-74, CTGAAGCGAGTAGGCAACAA R-151, CAGTCCAAGGGATGGACTCT  [[FAM]TCCATCAGGTTGCCATGGCA[BH
Q1]
MTcCIR25P
Theobroma cacao genome Single |MTcCIR25F MTcCIR25R [FAM]TTCCCGTACAGCTTCGTCCCAGAT
locus SSR (Y16997) CAGATAAGGAAAGGTGGAGTTTGG CAAGAATGTCTCCTACATTCACTACG

GC[BHQ1]

Description Sequence

Rtase synthetic fragment standard CCATCCCTTGGACTG

CTGAAGCGAGTAGGCAACAAAAAAATTTTCAGCAAGTTTGATTTAAAATCAGGCTTCCATCAGGTTGCCATGGCAGAAGAGT

TagMan gPCR was then performed on 5 pl of DNA samples using both a CSSV primer/probe assay and
a plant primer/probe mix (Table 2.2) in Sensifast No RoxMaster Mix (Bioline). The qPCR reaction mix
primer/probe mix was prepared by combining probe (2.5 pl of 100 pmol/ ul), forward primer (10 ul of
100 pmol/ pl), reverse primer (10 pl of 100 pmol/ pl) and 77.5 pl of 10 mM Tris-Cl. 0.5 mM EDTA; pH
9.0. Each 20 pl reaction consisted of 10 ul Sensifast No RoxMaster Mix (Bioline), 0.8 pul primer/probe

mix, 4.2 ul nuclease free water and 5 pl DNA.

2.3 Results.

2.3.1 CSSV New Juaben site selection.

A search on the Zinc Finger tools website using the contig sequence from the de novo 7024 bp
sequencing of CSSV New Juaben provided 376 potential ZFP binding sites. Amongst these sites, 10.9%
(41) were given a score above 60, which is considered a high score in the website’s ranking system,
since the scoring ranges from 1 (worst) to 64 (best). A candidate target site at position 2143 of the

CSSV contig sequence with a high score was selected.
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The specificity of the ZFP target sequence was assessed by performing several blast searches with
various election criteria, using the nucleotide collection database (nt=
GenBank+EMBL+DDBJ+PDB+RefSeq sequences, excluding EST, STS, GSS, WGS, TSA, patent sequences
as well as phase 0, 1, and 2 HTGS sequences and sequences longer than 100 Mb). Blast search was
conducted using all sequences, CSSV sequences only or T. cacao sequences only. Over the hundred
results of a blast search conducted with the target sequence 2143 in the nucleotide collection (nt), 85
were from a range of isolates of CSSV Togo B (CSSTBV) with 100% coverage and identity, and no gaps.
The fifteen other hits were unrelated organisms such as the fish Gobius niger, the cactus mouse
Peromyscus eremicus or the moth Cosmia pyralina. CSSTBV is the name of the species that the New
Juaben strain belongs to (Gyamera, Domfeh and Ameyaw, 2023). When repeating the blast with the
taxon restricted to CSSV, a hundred accessions of multiple CSSV isolates was returned. A search
restricted to Theobroma cacao’s genome returned no hits for the whole 18pb sequence, however,

multiple sequences of up to 15 bp were found on several sites on eight of the chromosomes.

The candidate target site 2143 sequence is 5'-GAG AAC ACA CTG TAG CAG-3’. The corresponding zinc

finger protein sequence, ZFP2143K computed by the website is:

LEPGEKPYKCPECGKSFSRADNLTEHQRTHTGEKPYKCPECGKSFSREDNLHTHQRTHTGEKPYKCPECGKSFSRND
ALTEHQRTHTGEKPYKCPECGKSFSSPADLTRHQRTHTGEKPYKCPECGKSFSDSGNLRVHQRTHTGEKPYKCPEC

GKSFSRSDNLVRHQRTHTGKKTS that uses the following architecture: Fixed N-terminal — (N-terminal
backbone — Recognition helix — C-terminal backbone — ZF linker), — Fixed C-terminal, where Fixed N
and C-terminals, located at both ends of the protein are derived from the sequence of SP1 human
transcription factor, the ZF linker is the portion of protein between the units and is a consensus
sequence obtained from the analysis of a transcription factors database and n is the number of units
within the protein. The N-terminal sequence includes the B-sheets while the C-terminal portion of the

a-helix is in the C-terminal backbone part. Figure 2.3 highlights the sequence and the architecture of
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the candidate protein ZFP2143K protein and the corresponding nucleotide triplets targeted by each

of the six domains.

LEPGEKP

YKCPECGKSFSRADNLTEHQRTH CAG
TGEKP

YKCPECGKSFSREDNLHTHORTH TAG
TGEKP

YKCPECGKSFSRNDALTEHQRTH CTG
TGEKP

YKCPECGKSFS HQRTH ACA
TGEKP

YKCPECGKSFSDSGNLRVHQRTH AAC
TGEKP

YKCPECGKSFS HQRTH GAG
TGKKT

LEPGEKP: N-term fixed amino acid sequence
YKCPECGKSFS: N-term backbone

HQRTH: C-term backbone

TGEKP: interdomain linker

TGKKT: C-term fixed amino acid sequence

Figure 2.3: Architecture of the ZFP2143K protein (Left).

ZFP2143K is composed of six domains, each recognising a triplet of nucleic acid. Sections of the domains interacting with
the targeted codons are depicted in red, blue, green, gold, purple and grey.

Bioinformatic analysis of the predicted protein derived from the sequenced plasmids using the
ProtParam algorithm shows that ZFP2143K is a non-polar, 184 amino-acids long protein with a

molecular weight of 21.1 kDaltons and has an isoelectric point of 9.05.

2.3.2 Expression and purification of ZFP2143K.
Expression of ZFP2143K was analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE). An accumulation of recombinant protein was observed on all eluted fractions (Lanes E1
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to E2, Figure 2.4), at 21.1 kDa, in agreement with the predicted molecular weight computed by
bioinformatic analysis. The elution conditions did not allow to dislodge the totality of the produced
recombinant as a significant band is still visible on the resin fraction. Furthermore, a band of similar
size is visible in the insoluble fraction, suggesting that part of the expressed protein precipitated as

inclusion bodies in the cytoplasm of the bacteria.
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Figure 2.4: SDS-PAGE Analysis of ZFP2143K Expression and Purification.

Ladder(kDa): Protein molecular weight marker (values on the left), NI: Non-induced culture whole cell lysate, FT: Flow-
through, Cytosolic fraction unbound to the column, W1: First column wash, W2: Second column wash, E1: First eluate, E2:
Second eluate, E3: Third eluate, Res.: Resin post wash and elution, LB: Loading buffer only, Inso.: Cytosolic insoluble
fraction. The white arrow indicates the position of the ZFP2143K recombinant protein, present in the eluted fraction and
on the agarose resin.

Western blot using an antibody directed against the hexahistidine tag used for purification evidenced
the specificity of the purification process. The signal observed on the membrane indicates that the
accumulated protein seen on the SDS-PAGE is the recombinant protein bearing the hexahistidine tag

(Lanes E1 to E3, Res. Inso. Figure 2.5). The eluted fractions one to three produced an intense signal,
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and so did both the resin and the insoluble fraction, confirming the observations from the SDS-PAGE.

Interestingly, it was noticed that the non-induced lane also produced a signal.
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Figure 2.5: Western Blot of ZFP2143K Expression and Purification.

Ladder(kDa): Protein molecular weight marker (values on the left), NI: Non-induced culture lysate, FT: Flow-through,
Cellular lysate unbound to the column, W1:First column wash, W2:Second column wash, Ladder(kDa): Protein molecular
weight marker E1:First eluate,E2:Second eluate,E3:Third eluate, LB: Loading buffer only, Res.: Resin post wash and elution,
Inso.: Cytosolic insoluble fraction. The black arrow indicates the position of the ZFP2143K recombinant protein, present in
the eluted fraction, the agarose resin and in the insoluble fraction. The protein was also expressed in the non-induced
culture (NI lane).

2.3.3 Assessment of ZFP2143K functionality using the double filter binding assay (DFBA).
The ability of the candidate ZFP2143K to bind DNA was assessed using the double filter binding assay
(Figure 2.6). Two quantities of biotinylated probe were tested against a range of ZFP2143K

concentrations (28 nM to 1400 nM), to first evaluate the system parameters.
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ZFP2143K+ds2143ROI1/2143R0OIC
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Figure 2.6: Double filter binding assay with 20 or 200 femtomoles of ds 2143R0I/2143ROIC incubated with a range of

[ZFP2143K], in triplicates.

Binding reactions containing a range of ZFP2143K and either 20 or 200 femtomoles pre-annealed target dsDNA were
loaded on a stack of filters. Control reactions included a no DNA control, a competition binding reaction with equimolar of
labelled and unlabelled target sequence and a no protein control. When using 200 femtomoles of ds2143R01/2143ROIC,
it was observed that the BRE candidate ZFP2143K binds in a dose dependent manner, as observed on the nylon filter at

the bottom of the stack.
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Figure 2.7: Chemiluminescent signal generated with 20 femtomoles of the biotinylated dsDNA cognate substrate incubated

with a range of [ZFP2143K] measured by pixel density, derived from the image from Figure 2.5.

Blue bars are the average signal of three replicates. Controls with No DNA or no protein and competition were tested as
single replicates for all protein concentration tested. The signal obtained was close to background levels for all sample

tested.
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Figure 2.8: Chemiluminescent signal generated with 200 femtomoles of the biotinylated dsDNA cognate substrate
incubated with a range of [ZFP2143K] measured by pixel density, derived from the image from Figure 2.5.

Blue bars are the average signal of three replicates. Controls with No DNA or no protein and competition were tested as
single replicates for all protein concentration tested. The signal detected with a constant 200 fmol of labelled
oligonucleotide on the nylon membrane decreases with the concentration of ZFP2143K (blue bars), suggesting that the
recombinant protein bound to the cognate DNA is dose-dependant.

Two quantities of probe, 200 and 20 femtomoles of biotinylated double-stranded 2143R0I1/2143ROIC
oligomeric probe were tested against a dilution range of the ZFP2143K recombinant. The signal

produced was deduced from the pixel density analysis derived from the pictures of the membranes.

200 fmol of biotinylated probe per reaction produced a detectable signal (Figure 2.6 and 2.8) but was

close to background signal at 20 femtomoles per reaction (Figures 2.6 and 2.7).

Increasing amount of ZFP2143K in the binding reactions with 200 femtomoles of the double stranded
probe generated an increasing signal on the nitrocellulose membrane, while the signal decreased on
the nylon membrane, demonstrating that the recombinant protein was able to retain its cognate DNA
molecule on the top layer of the membrane stack (Figures 2.6 and 2.8). In contrast, control samples
containing no recombinant failed to produce a signal on the nitrocellulose membrane while producing
a consistent signal on the nylon side. Samples containing an equimolar amount of biotinylated and
non-labelled double-stranded DNA always produced a signal inferior to the samples containing the
biotinylated oligomers only. This demonstrates that unlabelled probe competed with the biotinylated
probe and reduced the signal as a result. Negative control samples containing no DNA did not produce

any signal (Figures 2.6 and 2.8).
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2.3.3.1 Titration curves of ZFP2143K.
The experiment was repeated by preparing a set of binding reactions containing a fixed 200
femtomoles of the biotinylated double stranded cognate DNA substrate 2143R0I/2143R0OIC combined

to a range of concentrations (13.5 nM to 3478.7 nM) of the recombinant 2143K protein (Figure 2.9).

Top NC filter, binds Bottom NY filter,
protein binds DNA

200fmol biotinylated ds2143ROI/2143ROIC
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Figure 2.9: DFBA using a constant 200 fmol ds2143ROI/2143ROIC biotinylated probe combined with a range of
concentration of the ZFP2143K recombinant protein (13.5 nM to 3478.7 nM).

The signal on the nitrocellulose membrane (left picture) decreased steadily with decreasing amount of protein, suggesting
that binding of the labelled dsDNA to the recombinant ZFP2143K was dose-dependant.

When 200 fmol of the probe were mixed with decreasing concentration of ZFP2143K, a signal was
detected on the nitrocellulose membrane until the protein concentration decreased to 108.7 nM at
which point the signal was undetectable over the background (Figure 2.9) indicating that the limit of
sensitivity of the system was reached. This is consistent with the first experiment where 140 nM was
the lowest concentration producing a signal detected. The signal measured on the nylon membrane

increased when the concentration of protein decreased. Signal close to background levels was
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observed for 1739.4, 869.7 and 434.8 nM, then increased four times above background levels at 217.4
nM, before reaching the maximum signal at 54.4 nM. The data obtained from the nylon membrane
displayed an inverse correlation with the data obtained from the curve for the nitrocellulose

membrane. Furthermore, the curves intersected within the range of 217.4 and 434.8 nM ZFP2143K

(Figure 2.10).
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Figure 2.10: Signal on the nitrocellulose and nylon membrane intercept between 217.4 and 434.8 nM ZFP2143K when
titrated with 200 femtomoles of the ds2143ROI/AS biotinylated oligomeric probe.

Signal measured on the nitrocellulose membrane was divided by ten to set both curves on the same scale. Outliers
datapoint caused by excessive background signal were removed from the analysis.

2.3.4 HRM analysis of the interaction of ZFP2143K with a synthetic double stranded target
DNA.

HRM analysis was evaluated for analysing the binding of ZFP2143K to its DNA ligand. The aim of the
experiment was to assess if this rapid and accurate technique could be used to study the protein-DNA

interactions.
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Figure 2.11: Influence of adding ZFP2143K on the raw fluorescence released by the double stranded fragment
2143R0I/2143RO0IC in the melting phase from 30 to 37°C.

Data presented is the averaged SYTO13 raw fluorescence measurements of the 303 datapoints recorded by the Rotor-Gene
Q of triplicate samples from 30 to 37°C. Error bars correspond to two standard errors.

Binding reactions performed in annealing buffer showed little difference between samples containing
ZFP2143K or none (Figure 2.11), regardless of the concentration of protein used. In contrast, the
averaged raw fluorescence of samples incubated in binding buffer in absence of ZFP2143K was higher
than the samples incubated with the recombinant (Figure 2.11). Doubling the quantity of ZFP2143K

from 20 uM to 40 uM had a marginal effect on the fluorescence measured for samples incubated in

binding buffer.
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Figure 2.12: Influence of buffer composition on the melting curves of ZFP2143K binding to its cognate DNA sequence.

Top chart: binding reactions were incubated in Binding Buffer; Bottom chart: binding reactions were incubated in Annealing
Buffer. Replicates samples are shown.

A difference in the melting profile was observed between the double-stranded 2143R0I/2143ROIC
DNA samples containing 20 uM ZFP2143K and the samples containing the DNA alone when the binding
reactions were incubated in binding buffer, as compared to annealing buffer (Figure 2.12). The three
replicates incubated with the ZFP2143K in binding buffer grouped together and melted at 73°C before
the samples without protein, at 75°C. This was not replicated with the samples incubated in annealing

buffer, where the melting curves are very close, regardless of the presence of protein in the samples.
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2.3.5 EMSA analysis of ZFP2143K binding.

The specificity of the binding of ZFP2143K was evaluated using the electrophoretic mobility shift assay.
A 654 bp CSSV amplicon containing the 18 bp target sequence of ZFP2143K, fragment S1, was
synthetised by PCR, purified, and incubated with a range of concentrations of the recombinant protein
(Figure 2.13).
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Figure 2.13: EMSA of 200 ng of Fragment S1 with a range of concentrations of ZFP2143K.

The quantity of recombinant in each binding reaction, in nM, is indicated above each corresponding lane. The graph
underneath plots the signal intensity derived from the gel picture as a function of the quantity of ZFP2143K in each binding
reactions. The abscissa axis was transformed to a logarithmic scale.

The signal intensity decreased with increasing amount of the recombinant and was at its lowest with
1020 nM of ZFP2143K, the highest quantity tested on this experiment. A higher value than expected
was measured with 31.87 nM ZFP2143K, that is possibly artefactual. A shift was observed at 510 and

255 nM of ZFP2143K. However, the DNA-protein complex did not migrate with 1020 nM ZFP2143K.
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The same procedure was made with another 906 bp CSSV amplicon, fragment S6 that does not contain
the target sequence. A shift was observed with 1180 uM ZFP2143K for both fragments (Figure 2.14)

since the fragments did not migrate, as observed in the previous experiment.

S1 DNA S6 DNA

’ [ZFP2143K] | |

Figure 2.14: ZFP2143K shifts the electrophoretic migration of the Fragment S1 containing its target sequence.

The recombinant protein also shifted the migration of the fragment S6. White arrows are indicating material that did not
migrate.

In order to mitigate non-specific interactions, the experiment was repeated with salmon sperm added
to both samples. Adding non-specific DNA in the binding reactions has been shown to improve the
specificity of the reaction (Ayala et al., 2014). There was no improvement to the specificity of the
reaction when competing DNA was added to the binding reaction (Data not shown). Fragment S6 was

still able to bind to ZFP2143K in the presence or absence of salmon sperm DNA.
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2.3.6 Pull-down assay targeting CSSV DNA sequence from infected plant samples using
magnetic particles bound-ZFP2143K.

The capacity of ZFP2143K to act as a BRE for integration to a biosensor was assessed using a pull-down
assay. DNA was extracted from CSSV-infected T. cacao leaves, column-purified, mixed, and incubated
with 0, 2, 20 or 40 uM ZFP2143K and then with nickel-modified magnetic particles targeting the
hexahistidine tag on the recombinant. Eluates from the particles were used as a template for a qPCR
targeting both a region nearby a SSR nuclear marker for quantifying the plant host- DNA and the RTase

from CSSV for quantifying captured viruses.
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Figure 2.15: qPCR amplification plots targeting the RTase of CSSV (top plot) and an SSR of T. cacao (bottom plot) of samples
incubated with 0, 2, 20, or 40 uM of the recombinant protein ZFP2143K.

Increasing the concentration of ZFP2143K resulted in an increase quantity of DNA amplified both CSSV and from T. cacao.
Both graphs are showing triplicated amplified DNA samples eluted from the superparamagnetic nickel-modified beads.

Increasing the concentration of ZFP2143K incubated with the extracted DNA resulted in a gradual rise

in the quantity of CSSV DNA captured by the magnetic particles (Figure 2.15, top plot, and Figure 2.16,
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red bars). It was observed that the quantity of T. cacao co-captured also increased with incremental
amount of the recombinant protein (Figure 2.15, bottom plot, and Figure 2.16, blue bars). CSSV was
however preferentially bound by the particles regardless of the quantity of ZFP2143K used (Figure
2.16), but the ratio bound CSSV DNA/bound T. cacao DNA did not improve with increasing quantity of

the recombinant protein (Figure 2.17).
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Figure 2.16: ZFP2143K binds to the targeted region on CSSV in a dose-dependent manner.

Mean (n=3) of calculated copy numbers from a qPCR targeting CSSV and T. cacao, as a function of the concentration of
ZFP2143K used in the binding reactions. The ordinate axis was transformed to a logarithmic scale.
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Figure 2.17: Ratio of calculated copies of CSSV/calculated copies T. cacao as a function of the concentration of ZFP2143K
derived from the data presented in Figure 2.16.

Ratios were calculated by dividing the average of three replicates of CSSV amplification by T. cacao amplifications.

To assess if there is an optimum concentration of ZFP to favour binding to the viral DNA instead of the
genomic DNA, a second experiment was performed with a lower ZFP concentration range of 0.02, 0.2
and 2 uM. To reduce non-specific binding to plant genomic DNA (Figure 2.18), the particles were
washed off with two round of stringency washes including two low stringency washes (2x SSC, 0.1%

SDS) followed by two high stringency washes (2x 0.1 SSC, 0.1% SDS).

63



1.00E+07

B Cssv
B 7 cacao

1.00E+06

:3)

1.00E+05

1.00E+04

1.00E+03

Averaged calculated copies (n

1.00E+02

1.00E+01

1.00E+00
0 0.02 0.2 2

[ ZFP2143K] (M)

Figure 2.18: Stringency washes improve the CSSV/T. cacao calculated copies ratio when 2uM ZFP2143K are incubated with
T. cacao.

Mean (n=3) of calculated copy numbers from a gPCR targeting CSSV and T. cacao, as a function of the concentration of
ZFP2143K used in the binding reactions. Stringency washes improved the specificity of the reaction by reducing the
amplification of the plant DNA. The ordinate axis was transformed to a logarithmic scale.
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Figure 2.19: Ratio of calculated copies of CSSV/calculated copies T. cacao as a function of the concentration of ZFP2143K
derived from the data presented in Figure 2.18.

Ratios were calculated by dividing the average calculated copies number from three PCR replicates.
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Similarly, to what was observed in the previous experiment (Figure 2.16), an increase in recombinant
was associated with a higher amount of DNA captured by the magnetic particles for both CSSV and T.
cacao. Adding 0.02 uM of ZFP2143K increased the amount of CSSV DNA captured but decreased the
CSSV/T. cacao immobilised DNA ratio by half. 0.2 uM ZFP2143K resulted in a higher amount of CSSV
DNA amplification, but the ratio did not improve compared to the control with the recombinant
(Figure 2.19). At a concentration of 2 uM, the ratio was significantly higher. CSSVDNA was in more

than a 7000-fold excess compared to T. cacao, highlighting the prevalence of viral DNA in the sample.

In order to improve the signal to background further, the binding reactions time between the
recombinant protein and the DNA preparation was decreased by half to 15 min in order to potentialize
the binding of the recombinant to the shorter viral genomic material (Figure 2.20). In addition, two
washing procedures were compared. Samples bound to the magnetic particles were either washed
with stringency washes (twice 2xSSC with 0.1% SDS at RT followed by twice 0.1xSSC with 0.1%SDS at

40°C) or with the PBS1X with 50 mM Imidazole and 0.05% Tween 20 used in the first experiment.
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Figure 2.20: Decreasing the ZFP2143K-DNA incubation does not improve the ratio of CSSV/T. cacao bound on the particles.

Mean (n=6) of calculated copy numbers from a qPCR targeting CSSV and T. cacao. The binding reaction time was reduced
compared to the experiment presented in Figure 2.18 and two washing procedures of the particles were tested. The
ordinate axis was transformed to a logarithmic scale.
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Figure 2.21: Ratio of calculated copies of CSSV/calculated copies T. cacao derived from the data presented in Figure 2.20,
analysing the effect of two washing procedure and a shorter reaction time between ZFP2143K and the DNA.

Ratios were calculated by dividing the average of six replicates of CSSV amplification by T. cacao amplifications.

The mean ratio of eluted CSSV/T. cacao DNA was not improved by a reduced recombinant/DNA
incubation time (Figure 2.21). CSSV was still predominantly amplified, but the mean ratio measured

(1452.5) was nearly identical to the no recombinant control (1403.6).

The stringency washes procedure slightly improved the ratio of eluted CSSV/T. cacao DNA (2199.6)
however, the effect was not as marked as the data obtained with a longer protein-DNA incubation

time (7049, Figure 2.19).

2.4 Discussion and conclusion.

A bespoke synthetic protein targeting a DNA sequence from CSSV was designed using the zinc finger
tool website. The website offers a user-friendly, simple mean of screening CSSV genome to identify
potential binding sites. The selected ZFP target site, 2143, returned hits predominantly on isolate of
CSSV by BLAST search (85%), which validated the site and enabled production of the corresponding
synthetic ZFP. The binding site of ZFP2143K was designed to measure 18 bp, with the aim of being a

unique sequence within the genome of CSSV. T. cacao genome is approximately 70.000 times larger
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than CSSV. The size difference suggests that there is a possibility that the target sequence may also be
found within the plant’s genome. However, when considering a CSSV-infected T. cacao sample, the
target sequences would be more frequently associated with the virus rather than with the plant due
to the virus copy number. Production of the 528 bp-long 2143 gene corresponding to the Zinc finger
protein was made by a commercial third-party company because of time constraints and for the
relatively low cost of the procedure. However, it would have been possible to synthetise the gene in-

house using PCR and standard cloning techniques.

The synthetic gene was subcloned in a prokaryotic expression system, using the pet-21(+) plasmid, a
generic expression vector. The protein ZFP2143K was produced soluble in quantity compatible with
subsequent functional tests without requiring specific optimisation of the expression. It was noticed
that the non-induced culture also produced a faint signal, suggesting that the lacUV5 promoter of the
gene partially leaked. However, this is expected from this expression system and high titer growth of
the bacteria and production of the recombinant shows that the protein was not detrimental to the
cells. Further optimisation of the expression could have improved the ratio soluble/insoluble fractions
of the recombinant. This was not done deemed necessary because the biochemical tests used to
assess the functionality of the protein did not require large amounts. Optimisation could however be
envisaged in a situation where the recombinant would require large scale production, for integration

on a biosensing testing platform.

The functionality of ZFP2143K was evaluated using a set of biochemical tests. First, the ability of the
recombinant to bind to its cognate DNA partner was measured by the double binding filter assay, using
a short, pre-annealed, biotinylated oligonucleotide. The method was successful in proving that
ZFP2143K binds to the probe that was designed to contain the sequence the protein was raised
against. This experiment also proved that the protein was binding to the DNA in a dose-dependent
manner (Figure 2.6 and 2.8). Optimisation of the blocking steps could have led to a better signal-to-

noise ratio, which is an issue that was encountered while performing the experiment. This could be
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achieved by further testing combinations of blocking reagent, blocking time, and washing procedures

(Heda et al., 2020).

High Resolution Melt Analysis was explored to confirm if it was possible to detect the binding of the
ZFP to the targeted sequence, using a pre-annealed double stranded oligonucleotide. The raw
fluorescence measurements sampled during the pre-melting phase (30°C-37°C) when ZFP2143K is
expected to be functional revealed always lower intensity levels in samples containing the
recombinant compared to the non-protein controls. This suggests that binding of ZFP2143K would
have prevented some of the dye to bind to the double-stranded oligonucleotides, since the
fluorescent molecule SYTO13 was added following DNA-protein incubation, in a similar way as a DNA-
binding protein would prevent DNA enzymatic digestion in a nuclease protection assay (Brenowitz et
al., 1986). Also, binding of the protein would explain why the fragment melting temperature measured
was lower in samples incubated with the recombinant in comparison to the samples not containing
the ZFP. More Syto13 dye remained in the control samples compared to the one exposed to the Zinc
finger protein. The difference was particularly marked when the reactions were set-up in binding
buffer, compared to annealing buffer. A main difference in the buffer composition is the presence of
1 mM Dithiothreitol (DTT) in the binding buffer. DTT is a commonly used reducing agent that prevents
cysteines from proteins to form inter and intra-molecules bonding. The presence of this molecule in
the reactions ran in the binding buffer may have facilitated binding of ZFP2143K to the double

stranded DNA partner molecule (Branza-Nichita et al., 2002) .

To further explore the specificity of the protein to the target in larger DNA sequences, EMSA was
carried out with PCR amplicons. The first experiment involved binding the protein to a fragment, S1,
containing the target sequence (Figure 2.13). As the concentration of ZFP2143K increases, the PCR
fragment signal faded, and a smear was eventually observed when the binding reactions were set with
ZFP2143K at 236 nM. When applying higher concentrations, the DNA fragment did not leave the gel

well. This contrast with expected EMSA results for single protein when a shift of positioning is
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observed between protein free DNA product and protein bound product. The result suggested instead
and under the conditions tested, a range of DNA fragment sizes rather than a single product migrated,
leaving this characteristic smear pattern which could be explained by each finger domains binding to

distinct sites within the amplicon, creating a scaffold of DNA molecules.

To confirm this, the EMSA was run with another fragment (S6) not containing the target region (Figure
2.14). The same results were observed confirming that the protein binds to multiple sites. While not
containing the target sequence, S6 contains the binding sites of two contiguous domains targeting the

sequence CAA ACA (Figure 2.22).

ZFP2143K S1 (part.) ZFP2143K S6 (part.)
LEPGEKP LEPGEKP

YKCPECGKSFSRADNLTEHORTH CAG YKCPECGKSFSRADNLTEHORTH |—¢€—| ATA
TGEKP TGEKP

YKCPECGKSFSREDNLHTHORTH TAG vkepecaKsFsreDnLHTHORTH |6 AGC
TGEKP TGEKP

YKCPECGKSFSRNDALTEHQRTH CTG YKCPECGKSFSRNDALTEHQRTH |—2&— CTA
TGEKP TGEKP

YKCPECGKSFS HQRTH ACA YKCPECGKSFS HQRTH v ACA
TGEKP TGEKP

YKCPECGKSFSDSGNLRVHQORTH AAC YKCPECGKSFSDSGNLRVHORTH V| AAC
TGEKP TGEKP

YKCPECGKSFS HQRTH GAG YKCPECGKSFS HORTH [—3&—{ CGG
TGKKT IGKKT

Figure 2.22: A 9 bp segment of the targeted region of interest is present on the PCR amplicon S6.

Left: primary structure of ZFP2143K with the corresponding codon from the S1 amplicon bound by each domain. Right:
primary structure of ZFP2143K with the corresponding codon from the S6 amplicon: two contiguous codons recognised by
two domains of ZFP2143K are present in the sequence of S6.

The data observed suggests that the interaction of two domains with the corresponding two codons

was enough for ZFP2143K to bind the whole fragment.

69



Furthermore, an accumulation of fluorescence was observed, in wells containing higher
concentrations of protein, suggesting that even larger DNA-protein aggregates prevented migration.
It is however difficult to ascertain if the precipitation was due to a low affinity of the recombinant to
the targeted DNA fragment or because of interfering substances. The buffer selected for the IMAC
purification did not contain detergent because the bacterial cell lysis relied on a gentle sodium
phosphate buffer disruption. However, it is possible that the imidazole present in the elution buffer
may have interfered with the binding, as it was reported to inhibit DNA-BP/RNA interaction previously
(Fuellgrabe et al., 2011). A dialysis of the protein solution may have been beneficial to the assay, by

removing the imidazole.

So far, the experiments were using short, synthetic DNA sequences either annealed oligonucleotides
fragments or PCR amplicons. The final experiments focused on testing the bespoke recombinant with
whole DNA extracted from CSSV infected Theobroma cacao leaves samples, in order to emulate field
conditions. ZFP2143K was used in pull-down assays where pre-incubated binding reactions were
combined with paramagnetic particles surface-modified with nickel. Subsequent qPCR results
confirmed that the recombinant was able to bind to the viral DNA in a dose-dependent manner (Figure
2.16, 2.18 and 2.20). However, it was also found that high amount of T. cacao DNA was binding to the
particles. This is consistent with the data from the EMSA experiments, where it was established that
some of the contiguous domains from the recombinant protein were able to bind to fragments of DNA
only containing part of the targeted sequence. In infected cacao leaves, a high density of binding sites
is present with full target sequences observed on the CSSV genome and a range of potential binding
sites for some of the domains of the recombinant ZFP. Using magnetics beads combined with the ZFP,
it was possible to capture the CSSV target efficiently with higher copy number observed when using
higher protein concentration level. However, corroborating the EMSA results, the protein also bound
readily to the plant genomic DNA. Furthermore, if the protein concentration was increased in the

binding reactions, the ratio between CSSV and nuclear genome capture decreased.
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It is possible that the whole six domains of the recombinant ZFP bound to its cognate target within
CSSV’s genome and simultaneously to other sites on either the virus or the plant, creating large

aggregates of DNA from both source that were then co-eluted from the magnetic particles.

In order to mitigate this, stringency washes were included in the particle’s treatment procedure.
Protein-DNA interaction is a complex process, involving hydrogen bonding between selected amino
acids and nucleic acids bases, Van der Waals contact, electrostatic forces, and salt bridges (Guo et al.,
2023);(Vo et al., 2021). Stringency washes, employing buffer with defined osmolarity, are commonly
used in DNA/DNA hybridizations studies in order to improve the signal-to-noise ratio of the
reaction(Sterchi, 2008). It traditionally consists of a non-stringent wash to remove non-specifically
bound DNA, followed by a more stringent wash to only permit specific interactions. The stringency is
normally controlled by both salt concentration in the washing buffer and the temperature of the
washes. Because it was anticipated that the recombinant protein would not be structurally active at
65°C, the stringency was here only modulated by the concentration of the SSC buffer. The ratio of
CSSV DNA/T. cacao bound on the particles was improved when stringent washes were applied (Figure
2.18 and 2.19). Further, a better ratio was observed when the binding reaction time between the zinc

finger protein and the nucleic acids was set to thirty minutes as opposed to fifteen minutes.

Another possibility is that ZFP2143K attached to more than one site, both as a whole protein but also
which each domains acting independently. The zinc finger protein ZFP2143K is a C2H2 multidomain
protein and while the “zftools” website model computed the identified target sequence to be the
most likely binding partner, each domain may bind to other sequence, with a different affinity. It has
been established that each domain of C2H2 zinc finger multidomain proteins can bind sequences
independently (luchi, 2001). Binding pattern mechanisms of already characterized zinc fingers are
complex, and more research is required to fully understand how synthetic, engineered zinc finger are
attaching to their cognate DNA sequences. For example, the lkaros protein (Xia et al., 2021), a six

domains zinc finger transcription factor encoded by the IKZF1 gene and involved in lymphopoiesis and
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tumorigenesis in humans, binds to DNA using the four N-terminals fingers while the two C-terminals
fingers bound to each other, forming a homodimer that strengthen the bond of the protein to its

target.

The best bound CSSV/T. cacao ratio was observed with 2 uM of ZFP2143K (Figure 2.17 and 2.19). The
reaction could be possibly improved by increasing the contact time between DNA and the
recombinant and then applying stringent washes. Another option would be to pre-treat the particles
with blocking reagents to limit the amount of DNA bound on particles, as it was found that DNA from

each origin was able to bind without protein present in the reaction.

Fabricating and testing the zinc finger protein led to promising results and with some further
optimisation, using this technology and field biosensor is an avenue that could be pursued. Others
(Kim et al., 2011) have used an array of two synthetic ZFP immobilised on a hydrogel-coated surface
to detect bacterial DNA. The bespoke proteins were each fused with halves of a B-lactamase, that
would be re-assembled upon binding of the ZFP to its DNA target, a method called sequence-enabled
reassembly (SEER). The successful reassembly, implying that the ZFP was bound to the target, was
signalled by the addition of a chromogenic substrate to the B-lactamase, nitrocefin, enabling the visual
observation of the binding event. This system was able to achieve a limit of detection of 5nM of the
targeted DNA oligonucleotide, which is in line with other plant virus biosensors (Tang et al., 2007b).
Such a system could be envisaged for detecting CSSV with a careful selection and thorough testing of
the ZFP to maximise the specificity of the binding. Ideally, a bioinformatic analysis could pre-select
several ZFPs deriving from the zinc finger tool website. The candidates would be cloned and expressed
in small scale then tested simultaneously for affinity and specificity to their target. Amongst the
successful recombinant, combinations could be assessed to optimise the binding further. The

produced proteins would then be integrated as the biological recognition element of the biosensor.
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Chapter 3 : Design and chemical-mediated manipulation of
the structure of a DNA biological recognition element to
detect CSSV.

3.1 Introduction.

Symptoms specific to cacao swollen shoot virus (CSSV) can be identified in the field by trained
personnel, however such clear manifestations of infection by CSSV happen late after the onset of the
disease, which gives the pathogen an opportunity to spread to neighbouring trees. Being able to
detect the virus as early as possible would therefore be beneficial to the cacao sector. Current
methodologies to accurately detect CSSV in asymptomatic T. cacao trees require the use of research
laboratory facilities with often variation on PCR targeting the CSSV genome used as the main platform
of detection. Since 67% of the cacao production occurs in West African countries with limited
technical and financial resources, a cost-effective and simple method to tackle CSSV would be
advantageous. A PCR-based detection requiring rapid and accurate temperature changes would be
challenging and expensive to transpose in the field. A loop-mediated isothermal amplification (LAMP)
assay has been developed by the company Swiss DeCode (Swiss DeCode, 2021) and relies on the
amplification of target loci on the CSSV genome. This test has been developed to target strains
commonly found in West Africa. While effective, the cost of the assay is likely to be fairly high since it
requires the use of a combination of engineered enzymes. Another issue regarding amplification of
nucleic acid target has emerged recently since it was discovered that the T. cacao genome contains a
range of viral sequences integrated during its recent evolution which bear strong similarities to the
CSSV genome. (Muller et al., 2021b). Named eTcBV for endogenous T. cacao bacilliform virus, the
sequences are present in asymptomatic trees, and genetic analysis suggests that the integration
occurred prior to the export of the tree in other continents. They were identified following the PCR

screening of several loci found on ORF3 of material from The International Cocoa Quarantine Centre,
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at the University of Reading (ICQC, R) (Allainguillaume, J., personal communication). This material was
known to be CSSV free which raises the possibility of false CSSV positive results on asymptomatic trees
wherever they are grown with assays relying on sequence amplification. Amembrane-based biosensor
targeting the nucleic acid of the virus could therefore mitigate the potential false positive detection.
It might be easier to identify regions of CSSV not found in T. cacao genome. Unlike PCR approaches
which require two primers and sometimes an internal probe thus covering a larger genomic area, a
hybridisation assay could work with a short unique sequence. Furthermore, hybridisation assay relies
on the detection of actual copy numbers of a targeted sequence of interest. In a CSSV-infected tree,
actual viral copies of a targeted candidate sequence would outnumber a putative integrated sequence
that would be present as two copies per cell in the case of a single insertion event. This means that a
probe-based hybridisation approach would be less likely to cause a false positive signal. Assays relying
on a membrane hybridisation could meet the cost and limited personnel training requirements even
if LAMP assays are fairly user friendly. A “cold” membrane-based assay involving chemicals to
manipulate the structure of the double-stranded DNA molecules and enable binding of the labelled
oligonucleotide to the targeted viral sequence could replace temperature-induced denaturation and

renaturation of the nucleic acid.

DNA denaturation is the process where the complex bond between two DNA fragments of a double-
stranded DNA molecule is disrupted, yielding two single-stranded molecules. It is naturally occurring
during normal molecular processes such as DNA replication. DNA helicases catalyse the unwinding of
the double helix, allowing the DNA polymerase to reach its substrate, which is a single-stranded
specific sequence. It has been established that the DNA molecule operates a phase transition,
following a helix to coil model. During this process, the organized, tightly packed polymeric molecule
loses its three-dimensional structure and eventually, produces two single disorganised strands
(Hammouda et al., 2006). Alongside these enzymatic reactions, temperature induced denaturation
has been extensively studied and provided the basis for the development of analytical methods. Such
work has made a technique such as polymerase chain reaction possible. Indeed, each DNA molecule
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is characterized by its melting temperature (Tm), that is the temperature where 50% of the molecules

of a given DNA species are single stranded.

As an alternative to temperature, a range of chemicals has been used to alter the structure of DNA.
Some of them have been routinely used to decrease the melting temperature of DNA in hybridization
experiments, such as dimethylformamide (Blake and Delcourt, 1996a) or to relax secondary structures
of DNA for PCR enhancement with dimethyl sulfoxide (Hardjasa et al., 2010). Alkali denaturation of
DNA has been studied since the early 1970’s (Ageno, Dore and Frontali, 1969a) and this has led to the
development of the alkali extraction procedure of plasmid DNA also known as a mini prep by Birnboim
(Birnboim and Doly, 1979) from recombinant Escherichia coli. In this study, the authors use the
differential melting abilities of high molecular weight DNA (the genomic DNA) and comparatively
lower weight (the plasmid DNA) to purify the latter. Sodium hydroxide is therefore used to both lyse

the cells the plasmid is extracted from and to denature DNA.

Using chemicals to modulate the strength of the interaction between a target DNA molecule and a
reporter probe in “cold” conditions is therefore a promising approach to avoid the requirement for
temperature control of the assay. Early methods to study DNA denaturation relied on physico-
chemical properties such as sedimentation coefficients, viscosity, and light-scattering (Eigner and
Doty, 1965). Since then, study of DNA melting curves was implemented, and when coupled to
spectrophotometric techniques, provided the most common means of monitoring DNA denaturation.
This technique relies on a peculiar property of the DNA molecule which is its hyperchromicity. This
feature of the DNA molecule was experimentally observed (Thomas, 1993) together with the discovery

of its structure in the early 50’s.

The stability of the DNA molecule being strongly influenced by its sequence, useful genomic data can
therefore be derived from DNA denaturation experiments. High Resolution Melt (HRM) Analysis was
historically developed to study genetic variants (Wittwer et al., 2003). It is based on the parallel

development of two new types of equipment, namely the Lightcycler that enables the real-time
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monitoring of DNA quantity with fluorescent dyes (Lay and Wittwer, 1997) and the development of
new fluorescent dyes (Wittwer et al., 2003) known as third generation dyes like Evagreen. In this
technique, melting of the DNA fragments is achieved by increasing the temperature of the samples
incrementally, until all fragments are temperature denatured. HRM analysis can monitor this
phenomenon in real time thanks to theses dyes: while unbound dye does not produce fluorescence,
a fluorescent signal is emitted when the dye is bound to DNA and is detected in real time. The other
main difference derives from the equipment itself. HRM devices record up to two hundred times more
data points compared to traditional Lightcyclers (Herrmann et al., 2007). Besides, HRM equipment can
process tens of samples at the same time in volumes as little as 25uL, reducing the amount of sample
needed compared to the ultraviolet-visible spectroscopy. Since its development, HRM has been used
for numerous applications, including pre-sequence screening (Provaznikova et al., 2008),
determination of the methylation status of DNA in cancer (Ehrich et al., 2006) or quantification of
methylation in plants (Rodriguez et al., 2010), single nucleotide polymorphism (SNP) detection
(Garritano et al., 2009) and as an alternative to gel electrophoresis (Vossen et al., 2009). HRM could
therefore be able to monitor subtle structural changes of the DNA molecule used as a BRE for the

detection of CSSV.

3.1.1 Aims and objectives of this chapter.
This chapter describes the design of an oligonucleotide lattice composed of oligonucleotide
probes derived from the sequence of an isolate of the CSSV strain New Juaben available in T. cacao

plants growing in the envirotron at UWE Bristol and its assessment as a hybridisation probing system.

Objectives will cover:

e The de novo sequencing of an isolate of the New Juaben strain of CSSV. This is achieved by
designing set of primers to amplify overlapping fragments covering the whole DNA sequence

of CSSV followed by Sanger sequencing.
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e The assessment of the ability of an oligonucleotide lattice used to detect a synthetic fragment

derived from CSSV’s genome sequence. This is tested using a dot blot assay and HRM.

e The evaluation of HRM as a tool to study the chemically controlled denaturation and

renaturation of the lattice.

e The development of a competition assay to model the interaction of the oligonucleotides with

the targeted region of interest by HRM.

3.2 Material and Methods

3.2.1 CSSV sourcing.

Viral material was sourced from CSSV-infected T. cacao saplings maintained at the UWE envirotron.
The plants were originally kindly provided by Dr Andy Wetten through the University of Reading. The
saplings were produced from seedling infected with CSSV at the cocoa research institute of Ghana
(CRIG) and transferred to the University of Reading. The viral source was maintained by Dr Wetten
through mealybug infection of healthy cacao cultivars. This isolate is derived from the strain New
Juaben from Ghana is used as the reference material. Healthy cacao cultivars were also kept at the

UWE envirotron, to be used as a reference negative material.

3.2.2 CSSV sequencing.

For the design of the assays an up-to date genomic sequence of the CSSV strain present in the UWE
plants was required to determine sections of CSSV genome that were the less variable across the 8
accessions available when the project began (2015), to optimise the chance of the assay to detect the
virus across multiple strains. The entire sequence of the strain available was therefore sequenced de
novo from saplings using Sanger sequencing. The New Juaben strain sequence AJ608931 (Muller and
Sackey, 2005) deemed to be the most similar to the UWE strain was used to design a set of primers
covering the whole 7024 base pairs (bp) genomic sequence of the virus. Primer pairs were designed

to amplify 11 overlapping fragments ranging from 536 to 910 bp. An additional seven primer pairs
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were added to obtain a complete cover of the genome following unsuccessful amplifications in the

first round of amplification (Table 3.1).

Table 3.1: Primer sequence, name and theoretical size of the PCR amplified fragments used for de novo CSSV sequencing.

Theoretical
Fragment ID amplicon size Forward primer Name and sequence Reverse primer Name and sequence
(bp)
New)J-S1F
ST 655 GCATTTCCATCAGATTCCATGA NewJ-STR TTTAAGAATCTTGGCACGTGTG
New]-S2F
S2 701 GGTGACACACTGATGACACCTG NewlJ-S2R AAGACTCCTACTTCATTGCCTG
NewJ-S3F
S3 792 TTCTAGGAACAGAGCTCAGTGA NewJ-S3R AGATAGGGGCACACATGAAGCA
NewJ-S4F
S4 867 TGCTTGCACCAATGGGAGCACA NewJ-S4R GTAGAAGGTGATTGTGTGACCT
NewJ-S5F
S5 all CCGGATCCCGTACTGTTATGCC NewJ-S5R CGCTTCAGGATGGTCTGTATAC
New)J-S6F
S6 907 AATCAGGCACTGTTATTGATCC NewJ-S6R AATTTTCCACTAGCGTAGGCAC
New)J-S7F-6255
S7 830 TCGCTATCCCACCAGCAAGATG New]-S7R ATCGTCCAAACTAGGGTTGGAC
NewJ-S8F
S8 834 AACTGGGCCAGTGATAGACTGC NewJ-S8R GAGCTAGTTGGTTGTTGGTCAC
New)J-S9F
S9 761 AGTATCCAGGAATGGTATGAGA NewJ-S9R CAAAATTTTGTAAGGATCTTTG
New]-S10F
S10 794 CCATCCAGGAGAAAGGTGAAGC New]-S10R TTCTCATATCCTCGTGTGAGGA
S11d 536 New]-S11F NewJ-ST1IR
GTYRTACCRRAYAYYATGATGAC GTTYCCRTTRSYRGAYTCYTCCCATAC
NewJ-S1aF
Sla 458 TCTATCTTCGCACAAATGGAGA NewJ-S1aR TCCTCGTTGTAATGGGGTCT
S4a 524 New]-S4aF CAATCTTCCTGAGGGTTTCG NewJ-S4aR  GCCTTAGATCTGCAGCTTCC
NewJ-S5aF
S5a 588 CAGCGGTTAACAGAGGCAGT NewJ-S5aR  CAGCGGTTAACAGAGGCAGT
S8a 823 NewJ-S8aF GCTATCCCACCAGCAAGA NewJ-S8aR CCAAACTAGGGTTGGACAGC
NewJ-S91aF
S91a 919 CGTGATTAACGCCATTATCG NewJ-S91aR  CTCGGAACTGCTTGGTTAGC
NewJ-S92aF
S92a 500 ACCAAGCAGTTCCGAGAAAA NewJ-S92aR TGTTCCTTTTGGCTCTGGTT
NewJ-S93aF
S93a 387 TGAAGAACTGGTGCAAGATCA NewJ-593aR TCAACCTTCTGGCATTCCTT
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3.2.3 PCR amplifications.

CSSV DNA was extracted from leaf samples using the Genelet KIT Plant DNA extraction kit
(ThermoFisher Scientific) using the manufacturer’ instructions. PCR reactions were set up in a final
volume of 40 pL containing: 4 uL CSSV DNA, 20 uL DreamTaq Buffer Master Mix 2X (ThermoFisher
Scientific), 2 puL of each sequencing primers pairs (2 pM) and 12 puL DNase/RNase Distilled water
(Invitrogen). All reactions were run in triplicate on an Applied Biosystem GeneAmp PCR System 9700
thermocycle instrument using the following parameters: Hold 94°C 2 min; Cycle: 94°C30s, 56°C 30 s,

72°C 60 s; Final extension 72°C 300 s. Cycles were allowed to repeat 40 times.

PCR reactions were loaded on a 2% agarose tris-acetate-ethylenediaminetetraacetic acid (TAE) gel and
the gels viewed in a UV gel documentation system to assess amplification success. Single bands
amplicons were column-purified using the Genelet PCR purification kit (ThermoFisher Scientific)
following manufacturer protocol and sent for Sanger sequencing to Aberystwyth University.
Sequencing was performed using both forward and reverse primers for each product. Sequencing
traces were curated using the sequences analysis software Geneious prime (Kearse et al., 2012), and
aligned to the CSSV New Juaben sequence AJ608931.1 chosen as a reference that was previously

published (Muller and Sackey, 2005).

3.2.4 CSSV genome sequence assembly.

Sequencing traces readouts from both primers were aligned for all fragments using the multialin
webpage (Corpet, 1988). Segments of sequence containing sequencing errors or ambiguities were
removed. A consensus sequence was constructed for each fragment amplified. Consensus sequences
were assembled into a contig using the sequence analysis software CodonCode Aligner (CodonCode

Corporation, 2002). The consensus sequence of the contig was retained as a reference sequence.

3.2.5 Biological recognition element oligonucleotide lattice design.
CSSV genomic sequences sets were downloaded from the public database NCBI. Whole genome

sequences were aligned using the Geneious prime software (Anon., 2019). Areas of lesser variability
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were pre-selected to conduct local alignments to refine the region of interest. Candidate regions were
selected, and the process of alignment reiterated. A segment of the open reading frame 1 (ORF1) of
76 base pairs was chosen to develop the model and was named ORF1T (Table 3.2 and Figure 3.1). The
complementary strand was also synthetized and named ORF1TC (Table3.2 and Figure 3.1). Two
probes covering both halves of ORF1TC were synthesised and named capl and cap2 (Table 3.2 and
Figure 3.1). Either capl or cap2 could be adsorbed to the surface of the biosensor to detect ORF1T,
with ORFIT able to create a bridge between capl to cap2, resulting in a DNA oligonucleotide lattice
structure. Biotinylated versions of these probes were also purchased for dot blotting analysis. All
experiments were performed on synthetic DNA oligonucleotides ordered from Eurofins as high purity
salt free grade freeze-dried preparations. Oligonucleotides were resuspended in DNase/RNase-free

distilled water (Thermofisher) at a concentration of 100 uM and stored at -20C until use.

Table 3.2: Name, sequence and length of the oligonucleotides used as an oligonucleotide lattice to detect CSSV.

Primer name Sequence 5'-3' Size (bp)
capT GAGTACCTTGACCTGGCCTCTACCAGTAAAGTGACCAA 38
cap?2 CAACCAACTAGCTCATAACCTCGCAGTAACCTTTGATA 38

TATCAAAGGTTACTGCGAGGTTATGAGCTAGTTGGTTGTTGGTCA
ORFIT 76

CTTTACTGGTAGAGGCCAGGTCAAGGTACTC

GAGTACCTTGACCTGGCCTCTACCAGTAAAGTGACCAACAACCA

ORFITC ACTAGCTCATAACCTCGCAGTAACCTTTGATA 76
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Figure 3.1: Schematic description of the lattice assembly tested by dot bilot.

Cap1l and cap2 are used either as the oligonucleotide anchoring ORF1T to the surface of the nylon membrane or as the
probe producing a signal.

3.2.6 Oligonucleotide lattice interaction validation by dot blotting.

Dot blot experiments were performed to verify the ability of the oligonucleotide probes to detect
ORF1T. Serial dilutions of the synthetic oligonucleotides cap1 or cap2 prepared from the 100 uM stock
were manually spotted in 2X Saline Sodium citrate (SSC) buffer (300 mM NaCl, 30 mM Sodium citrate)
(ThermoFisher Scientific, UK) on a Biodyne B Nylon 0.45 um membrane (ThermoFisher Scientific, UK).
2 uL of a solution containing either 50, 10 or 5 ng/uL were applied on the membrane and left to air
dry for 10 min at room temperature. Negative controls spots containing only 2X SSC buffer were also
applied to the membrane. Membranes were then incubated for 1h30 at 65°C in prehybridization
buffer (5X SSC, 5X Denhardt’s solution, 10 pug/mL Salmon sperm DNA, 0.5% SDS (ThermoFisher, UK).
After this incubation, prehybridization buffer was removed and replaced with prehybridization buffer
containing 1 pug of the ORFIT oligonucleotide and either 1 pg of the biotinylated capl probe (for the

detection of spotted cap2) or 1 ug of the biotinylated cap2 probe (for the detection of capil).
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Hybridization was carried out at 65°C in a hybridization oven for 12 hours. Following this step, the
hybridization solution was removed, and stringency washes were performed at room temperature as
follows: 2X SSC 5 min twice, then 0.2X SSC and 0.1% SDS (ThermoFisher, UK) 5 min twice. Membrane
was then blocked 1 hour at room temperature in PBS and 1% BSA (Sigma Aldrich, UK). After blocking,
the membrane was incubated for 1 hour at room temperature with 1/500 streptavidin-peroxidase
(ThermoFisher Scientific, UK) in PBS and 1% BSA. Streptavidin-peroxidase solution was then removed,
and the membrane washed three times for 5 min at room temperature in PBS and 0.1% Tween 20. 2
mL of SuperSignal™ West Pico PLUS Chemiluminescent substrate was applied to the membranes

(Pierce, UK) and signal was measured using a Li-Cor Odyssey (LICORBIO, UK) imaging system.

Densitometry analysis of the pictures was performed using the Fiji software (Schindelin et al., 2012a).
An area corresponding to the signal observed was set and the density of the signal was acquired with
the software. The intensity of the control buffer spots was deducted from all sample results. The

resulting intensity per area was calculated and plotted against the amount of oligonucleotide probe.

3.2.7 Study of the oligonucleotide lattice by high resolution melt analysis.

HRM was used to model the interaction between the oligonucleotide forming the prospective
biological recognition element of the biosensor. Mixtures of nucleotides with the Syto9 fluorescent
dye were placed in a Rotor-Gene Q instrument and cycled in HRM mode. Curve shape and data were

then analysed.

¢ HRM reaction mix.

The reaction mixture was prepared by mixing the following reagents per sample: 2.5 pL 10x
Annealing buffer (100 mM TrisHCI pH7.7, NaCl 50 mM, EDTA 10 mM), 2.5uL Syto9 50 uM (Life
technologies), 15 puL DNase/RNase-free distilled water (Gibco, USA) and 5 pL DNA Matrix at 2

UM, for a total sample volume of 25 pL.

¢ HRM conditions.
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All assays were run on the Rotor-Gene Q real time PCR instrument (Qiagen). The temperature

was increased from 25 to 95 °C, with 0.1 °C increments steps held for 2 seconds.

Data Processing.

Samples were run as four replicates and averaged. The HRM curves were obtained by selecting
two normalization regions, one at the start of the run before the samples are melted and one
at the end of the cycle, once the strands are fully separated. This step enables the
normalization of the data points from the raw channel and the subsequent comparison of the
different samples analysed. Temperature and fluorescent data from the melting curves was

exported to MS Excel for calculations and plotting the data measured.

The significance of observed differences between treatments in melting temperature and
altered curve shape was calculated by principal component analysis (PCA) and sample cluster
analysis (SCA) using the Rotor-Gene Q ScreenClust (Reja et al., 2010)HRM Software (Qiagen).
The software calculates the optimal number of sample clusters and allocates each sample into
the most appropriate cluster, indicating, in this case, which combination of oligonucleotides
and buffer compositions generates significantly different HRM curves. The software also
provides the probability that each sample belongs to the assigned (and others) cluster(s) and
the typicality of samples within its allocated cluster, which indicates how well the sample fits
within its allocated cluster. To maximize the discriminatory power, a preliminary analysis was
run for all experiments by fixing the maximum number of possible clusters for each specific
experiment and then comparing to the optimal number of clusters generated automatically
by the software. Only groups of samples separated by both types of analysis and with
probabilities (P) >0.999 and typicalities (T) >0.5 were deemed statistically different (Rodriguez

et al,, 2010).
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3.2.8 Analysis of the interaction of the oligonucleotides forming the biological recognition
element.

To evaluate HRMA as an analytical tool, normal physicochemical conditions required for the formation
of double stranded oligonucleotide were established. 2 uM of each complimentary oligonucleotides
ORF1T and ORF1TC were prepared and diluted in either DNase/RNase-free distilled water or in
annealing buffer (100 mM TrisHCI pH7.7, NaCl 50 mM, EDTA 10 mM). The fluorescent Syto9 dye was

added at a final concentration of 50 uM, and the mixes placed in the Rotor-Gene Q.

In subsequent experiments, oligonucleotides are diluted to a final concentration of 2 uM, in annealing

buffer 1X.

3.2.8.1 Competition Assay between the cap1, 2 and ORF1TC oligonucleotides.

Cap1l or 2 oligonucleotides are complementary to ORF1T and therefore will be competing with the
natural fragments to bind ORF1T when field samples will be applied to the sensor. To analyse the
interaction between these two types of fragments, a competition assay was run by preparing several

groups of oligonucleotides mixtures.

Samples containing all the oligonucleotides were prepared by mixing ORF1T, capl and cap2, all at a
final concentration of 2 uM. The ORF1TC sequence fragment was added diluted either 2, 10, 50 or 100
times. Controls containing ORF1T and ORF1TC only or ORF1T + capl+ cap2 were also prepared. A
master mix was prepared by combining 175 pL of 10x annealing buffer, 1050 pL of DNase/RNase-free
distilled water and 175 pL 50uM Syto9. The DNA matrixes were prepared separately by diluting the
respective oligonucleotides to 2 uM, except for the samples where the ORF1TC sequence was further

diluted 2, 5, 10, 50 or 100 times.

3.2.8.2 Sodium Hydroxide-mediated denaturation of the oligonucleotide lattice.
Sodium hydroxide was used to disrupt the bond between ORF1T and ORF1TC. The ordering of
introduction of the reagents in the reaction tube was controlled to prevent potential damage of the

fluorescent dye by exposure to the sodium hydroxide.
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Oligonucleotides (2 uM) were first added, then exposed to a range of concentration of sodium
hydroxide (4, 6, 8, 10, 11, 12, and 100 mM) for 5 min and then placed in the Rotor-Gene Q. A master
mix was prepared by mixing 180 pL of 10x annealing buffer, 360 uL of oligonucleotide mix (equimolar
mixture of ORF1T, ORF1TC, capl and cap2 at 2 uM), 180 uL DNase/RNase-free distilled water and 180
puL 50 uM Syto9. Then 100 plL of this mix was placed in 100 uL of a sodium hydroxide at twice the
concentration tested (respectively 8, 12, 20, 22, 24 and 200 mM). 50 plL of each sample was then

analysed as four replicates.

Denaturation/Renaturation experiments samples were prepared by exposing a mixture of ORF1T,
ORF1TC sequence and capl at 2 uM to 100 mM NaOH. Two groups of samples were prepared. The
first group of samples was incubated in a tube containing a sodium hydroxide solution at 100 mM then
the pH was lowered with 2.5 N of acetic acid. Then, DNase/RNase-free distilled water and Syto9 at a
final concentration of 50 UM was added. The reagents were prepared as follows: 40 uL 100 mM
NaOH, 9 uL 2.5 N acetic acid, 20 uL DNA (ORF1T, ORF1TC and Cap1), 121 uL DNase/RNase-free

distilled water, 10 pL Syto9.

The second group of samples was incubated with 100 mM NaOH, DNase/RNase-free distilled water
and Syto9 for 5 min to denature the DNA. Then, 2.5 N Acetic acid was added to enable renaturation
of the fragments. The reagents were prepared as follows: 40 uL 100 mM NaOH, 20 uL DNA (Target,
ORF1TC and Cap1l), 121 pL DNase/RNase-free distilled water, 10 pL Syto9. After 5 min incubation at
room temperature, 9 uL of 2.5 N acetic acid were added to neutralise the solution. All samples were

then analysed in 50 pL volume, as four replicates.

3.3 Results

3.3.1 CSSV New Juaben sequencing
Eleven PCR primer pairs designed to allow the amplification of overlapping sections of the entire CSSV

NJ genome were used to run PCR amplification reactions. An aliquot from each reaction was migrated
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on a 2% agarose gel. Analysis of the gel electrophoresis revealed that the fragments migrated at the
theoretical size calculated from the reference sequence AJ608931.1, except for fragments S7 and S11d

that were not amplified (Figure 3.2).

S1 S2 S3 S4 S6 S8 S9 S10
655 701 792 867 907 834 761 794

Figure 3.2: Electrophoresis of PCR amplification products of CSSV New Juaben fragments covering the whole genome.

The name and theoretical size of the fragments is delineated above each amplicon. Hyperladder (Bioline) standard
fragment sizes in base pairs are indicated on the left of the gels.

Another set of primers were designed to cover the segments of the genome that were not amplified.
Primers were also made to amplify overlapping fragments to confirm the sequence of the isolate. All

primers pairs produced an amplicon, that migrated at the theoretical size (Figure 3.3).

S4a S5a S8a S9a1 S9a2
524 588 823 919 500

Figure 3.3: Electrophoresis of PCR amplification products of CSSV New Juaben fragments covering areas not amplified with
the first set of primers or targeting overlapping segments.

Replicated reactions were loaded on the gel. The name and theoretical size of the fragments is delineated above each
amplicon. DNA standard fragment sizes in base pairs are indicated on the left of the gels.

Amplicons were excised from the gels, purified, and sequenced using Sanger sequencing by the
Aberystwyth University. Traces of the sequencing data were aligned in silico to form a contig spanning

the genome of CSSV (Figure 3.4).
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Figure 3.4: Graphical representation of the de novo sequenced contig aligned to the reference sequence AJ608931.1.

Red segments represent sequenced fragments using forward primers, blue segments, reverse primers.

The fragments obtained were overlapping to cover the whole genome sequence. Further analysis of

the sequence revealed 123 nucleotide differences with the reference sequence AJ608931.

3.3.2 Construction of the DNA-based biological recognition element.
A set of eight whole genome sequences of CSSV deriving from West African isolates were aligned to

delineate regions of lesser genetic variability (Figure 3.5).
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Figure 3.5: Alignment of eight CSSV whole genome sequences from the Geneious prime software.

The second line delineates the degree of identity along the alignment. Green areas represent mean pairwise identity of
100%, green/brown at least 30% and under 100% and red areas 0%. The yellow box delineates the position of the ORF1
protein.

The region open reading frame 1 (ORF1) encoding a 16.7 kDa protein of unknown function, was

selected because of the conservation of this portion of the genome amongst the isolates (Figure 3.6A

and 3.6B).

re
L
re
L
re

Consensus
Identity

Ce 1, gi| 347868 | gb | L14546.1 | CSHCG extraction
Ce 2. gi| 9627246 ref| NC_001574.1| extraction H H

D& 3, gi| 392718241 |gh [JN606110.1| extraction 5 1 1

4. gi| 56266242 | emb|A)609019.1| extraction m o 1K
5. gi| 56266278 | emb|AJ781003.1 | extraction H
6. gi| 56266249 | emb |A)609020.1 | extraction mok i
7.gi| 56266236 | emb | AJ608931.1| extraction ok r-n
8. gi| 48686542 | emb | A)534983.1 | extraction H

1 0 0 610
Hmmmm S .IHLJ....J.IHIIHIIIIHIIIH-III-HIIIHIHTIHIMHIHII R

Figure 3.6A: Alignment of eight CSSV ORF1 sequences from the Geneious prime software.

The second line delineates the degree of identity along the alignment. Green areas represent mean pairwise identity of
100%, green/brown at least 30% and under 100% and red areas 0%.
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CCTTGARGAGGCTRACCAAGCAGT TCCGAGARAACARACCACTGTCTGARTCTGAAGTARAGAGAC TAGTAGARGAGATAGCCCAGCARCCCARRATTGTTGAGARRCAGGCAC TGGARATATCTCARCA
TTTTARGARGGT TRACCAAGACCTTCCGAGARAACARACCACT TACCGARRGTGAAGTCCGTARGTTGGT TGARGARAT TGCCCARCARCCTARGATCG TCGAGARACARGCAC TCGAGATCTCTCARCA
CTCTARGGAGGT TRACCAAGACCTTCAGRGARAACARACCACT TACCGARRGTGAAGTCCGTARGTTGGT TGARGARAT TGCTCARCARCCTARGATCG TCGAGARRCARGCAC TCGAGATCTCTCARCA
CTCTARGGAGGT TRACCAAGACCTTCAGRGARAGCARACCACT TACCGARRGTGAAGTCCGTARGTTGGT TGARGARAT TGCTCARCARCCTARGATCG TCGAGARACARGCAC TCGAGATCTCTCARCA
CTCTARGGAGGT TRACCAAGACCTTCAGAGARRGCARACCACTTACCGARRGTGAAGTCCGTARGTTGGTTGARGARAT TGCTCAARCARCCTARGATCG TCGAGARACARGCAC TCGAGATCTCTCARCA
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GCTTGAACAGAAGC TTGCAGARGT TGARRARCTTCTTCGCARTCTTGGCCTTGTAATTGGTCAATGACTGATAGCCCCAGC TATCARCAR
ATTAGAACTCAAAC TAGAARRAGTGGARRAGCTTCTACACARGCTTGACCAGTGGGTTGGTCAATGAGTGARRGCCCCTCT TACCARGAR
GTTAGARCTCAARC TAGAARRAGTGGARRAGCT TCTACACARGL TTGACCAGTGGGTTGGTCARTGAGTGARRGCCCCTCT TACCARGAR
GTTAGARCTCAAGT TAGAARRAGTGGARRARCT TCTACACARGL TTGACCAGTGGGTTGGTCARTGAGTGARRGTCCCTCT TACCARGAR
GCTTGAGCAGAAGE TGGAGARAGTTGARRARCT TCTCCATARGL TTGACCAGTGGGTTGGTCARTGACCGACAGCCCGTCT TACCARGAR
ACTTGAGCAGAARC TAGAARAGGTGGARRAGCTCTTGCACARACTTGACCAGTGGGTTGGTCARTEACTGATAGCCCAGCE TATCAGEAR
ACTTGAGCAGAARC TAGAGARGGTGGARRAGCTCTTGCACARACTTGACCAGTGGGTTGGTCARTEACTRATAGCCCAGCE TATCARGAR
ACTTGAGCAGAARC TAGAGARGGTGGARRAGCTCTTGCACARAC TTGACCAGTGGGTTGGTCARTEACTRATAGCCCAGCE TATCARGAR
..t.ga.c..aa.ct,ga.aa gt .gaaaa,ct, b cacaa,cttgaccagtggattgatcaatga, bga, ageee, . ¢, La, caagaa

Figure 3.6B: Alignment of ORF1T with eight CSSV ORF1 sequences using the multialin algorithm (Corpet, 1988).

Red letters represent a consensus of 90% amongst all sequences selected at the position considered. Blue letters represent
a consensus of 50% between the sequences.
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3.3.3 Verification of the ability of the cap1 or 2 oligonucleotides to detect the ORF1T
oligonucleotide by dot blotting.

10, 20 or 100 ng of the oligonucleotides capl or cap2 (Table 3.2 and Figure 3.1) were spotted on a
nylon membrane and then incubated with 1 pug of both the ORF1T oligonucleotide and either a
biotinylated version of cap2 (with capl was spotted) or capl (with cap2 was spotted) (Figure 3.7) to
assess if these probes were able to form a bridge with the synthetic ORF1T fragment from the CSSV

genome.
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Figure 3.7: Dot blotting using either biotinylated cap1/ORF1T or biotinylated cap2/ORF1T in solution.
Decreasing amount of oligonucleotide (0, 10, 50 or 100ng) was spotted and incubated with a constant concentration of

biotinylated probe/ORF1T (1ug of biotinylated probe + 1ug ORF1T). Negative spots were incubated with buffer only. The
signal detected on the membrane represents the lattice presented in Figure 3.1.
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Figure 3.8: Dot blot signal intensity measurement derived from Figure 3.7.

When capl was spotted, biotinylated cap2 in solution was used to detect ORF1T. When cap2 was spotted, capl was used
in solution to detect ORF1T. Pixel density was divided by the surface covered by each spot.

At the concentrations tested, both immobilised, capturing probes, capl and cap2, successfully
detected the ORF1T sequence present in solution, allowing the formation of a bridge with the
biotinylated oligonucleotide used as a detection probe: biotinylated cap2 when capl was immobilised
and biotinylated capl when cap2 was spotted on the membrane (Figure 3.7). Control reactions were
designed to assess the specificity of the reaction by spotting capl on the membrane and then
incubating the membrane with a mixture of biotinylated capl1 and ORF1T. Similarly, cap2 was spotted
on the membrane, and the membrane was then incubated with a solution containing a mixture of
biotinylated cap2 and ORF1T. Both control experiments yielded background signals. Furthermore,
negative control spots containing only buffer (0 ng, Figure 3.7) did not produce signals above the

background levels, regardless of the biotinylated probe (cap1 or cap2) used for detection.

When 100 ng of cap1 was spotted, the signal to surface ratio was 94.7 while the signal to surface ratio
with cap2 spotted was 39.6. At 20 ng, the values were respectively 81.86 and 29.68 and at 10 ng, 58.15
and 25.15, showing a consistently higher signal when using capl was used as an anchoring probe and

cap?2 as a detection probe at the concentrations tested (Figure 3.8).
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3.3.4 HRM analysis of the biological recognition element.

3.3.4.1 Monitoring of the base-pairing formation between ORF1T and ORF1TC.

Equimolar amounts (2 uM) of the ORF1T and ORF1TC oligonucleotides were mixed in either
DNase/RNase free water or in Annealing buffer. Theoretically, oligonucleotides cannot bind to one
another in water. The annealing buffer was formulated to control pH and ionic conditions favourable
to the formation of a double-stranded DNA molecule. Samples containing either ORF1T or the
complementary fragment ORF1TC alone in the two solutions tested were also analysed by HRM as
single-stranded controls (Figure 3.9). When the ORF1T plus ORF1TC samples were placed in the
annealing buffer that contains 50 mM of NaCl, a steady, progressive decrease of the fluorescence was
observed as the temperature increases, until no fluorescence could be detected. In contrast, the
fluorescence of the same fragments analysed in water decreased sharply soon after the temperature

started rising.
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Figure 3.9: Effect of the buffer composition on the fragments thermostability.

Normalized high resolution melting curve of the 76bp oligonucleotide double-stranded ORF1T+ORF1TC fragments or
single-stranded ORF1T or ORF1TC in either annealing buffer (AB1X) or water (H20). ORF1T+ORF1TC placed in H,0 were
unable to anneal to each other and their melting profile were comparable to samples containing single oligonucleotide.
Each curve is an average of three samples, represented with standard deviation bars.
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Samples containing only one type of oligonucleotide (ORF1T or ORF1TC alone in water or annealing
buffer) exhibited a comparable behaviour to the ORF1T plus ORF1TC samples in water, with a sharp
decrease of fluorescence observed as soon as the temperature increased in the medium. Principal
component analysis (PCA) and sample cluster analysis (SCA) using the ScreenClust software was run
to verify if samples would cluster in different groups to reflect their structure. A first run was
performed in unsupervised mode with a cluster count set to 2 and the discrimination of the samples
done by the software (Figure 3.10). ORFAT and ORF1TC samples in annealing buffer clustered
separately (Blue circle on Figure 3.10) from all other samples which grouped all together (P=1,

Typicality=0.513) both above the acceptance threshold set for the experiment in section 3.2.7.

T T T
— Clyster 1
L | | = Cluster2

|\

Principal Component 2
—

\ o 4 ORFIT+ORFITCin AB1X
\D \ ORF1T+ORFITCin H,0
ORFIT in AB1X
ORFITCin AB1X

ORFI1T in H,O

ooono

ORFITCin H;O

Principal Cormponent 1
T

Figure 3.10: Unsupervised Principal Component Analysis (PCA) of the HRM run presented in Figure 3.9, using the software
Screenclust.

The cluster count was manually set to two by the user prior to running the PCA, to reflect the predicted two type of
fragments: either single or double stranded. Double stranded DNA samples in annealing buffer clustered separately to all
other samples. Each square represents single replicates from the HRM run.
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Figure 3.11: Supervised PCA of the HRM run represented in Figure 3.9, using the software Screenclust.

Samples were manually placed in either single stranded fragment or double stranded fragment clusters (Blue circle: Single
stranded fragments, red circle: Double stranded fragments).

When the PCA was performed in supervised mode (Figure 3.11), all samples were associated with one
of two specific groups. All samples except ORF1T plus ORFATC in Annealing Buffer were placed in one
group labelled single-stranded while ORF1T plus ORFATC in Annealing Buffer was placed in the double-
stranded DNA group. This PCA generated the same results as the first analysis, with double stranded
fragments in annealing buffer found to cluster separately from the remaining samples, with a
probability equal to 1 and a typicality of 0.53, both above the acceptance threshold set for the

experiment in section 3.2.7. Both analyses also demonstrated that double stranded and single
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stranded fragments in water were not distinct in clustering confirming that oligonucleotide could not
hybridize in water (Average typicality of single stranded fragments was 0.454, P=1; Average typicality
of double- stranded fragments was 0.633, P=1 in Unsupervised mode and respectively 0.445, P=1 and

0.557, P=1. In Supervised mode).

3.3.4.2 Evaluation of the bonding strength between the different oligonucleotides of the lattice.
Oligonucleotides forming the lattice for use as biological recognition element were mixed in annealing

buffer with the Syto9 dye to investigate their interaction by HRM.
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Figure 3.12: HRM curves analysis of the oligonucleotide lattice in AB1X.

A set of duplicated samples containing combinations of ORF1T, ORF1TC and capl and cap2 fragments were prepared,
annealed and their melting curves produced. The fluorescence values of the normalised curves of two replicates were
plotted against the temperature. The difference in thermostability of the fragment combination is associated with
decreasing melting temperatures, with ORF1T+ORF1TC being the most stable fragment combination.
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The strength of the interaction between the oligonucleotides was tested by analysing the melting
profile of combinations of oligonucleotides by HRM (Figure 3.12). The ORF1T sequence was mixed
with either the capl probe or with the cap2 or with both. Another group was prepared by mixing the

ORF1T and the ORF1TC sequence with either capl or cap2 and an additional one containing both.

A group of curves formed that contained ORF1T associated with the shortest oligonucleotides:
ORF1T/cap2, then ORF1T/capl/cap2 and ORF1T/capl, with lower melting temperatures, under 77°C.
The samples containing the ORF1T sequence with cap 2 exhibited the lowest melting temperature of

all samples tested (Figure 3.12).

Fluorescence measurements between 75 and 80°C (Figure 3.13) confirmed the order in which the

sample combination melted.

Average fragment retained
Sample composition fluorescence between 75-80°C

(AU)
ORF1T+cap2 11.93
ORF1T +cap1+cap2 18.07
ORFI1T +cap1 21.88
ORFI1T+ORFITC+cap1+cap2 42.25
ORFI1T+ORFITC+cap2 43.36
ORFIT+ORFITC +cap1 43.64
ORFIT+ORFITC 4394

Figure 3.13: Fluorescence retained within the oligonucleotide assemblies between 75 and 80°C. 50 fluorescence data
measurements from the melting curves were averaged in the temperature range between 75 and 80°C for each sample.
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Figure 3.14: Detailed view of the highest melting temperature group of curves from the HRM run presented in Figure 3.12.

The arrangement of the melting temperature curves is displayed between in a region of the melt between 78.8 and 81.8°C.
ORF1T+ORF1TC was the most thermostable combination of oligonucleotides.

Samples containing ORF1T and ORF1TC alone or supplemented with either capl or cap2 were in a

group displaying the highest melting temperature of all samples tested, above 82°C (Figure 3.14).

3.3.4.3 Analysis of a competition between cap1 and cap2 and different proportions of ORF1TC to bind
to ORF1T by HRM.

To assess the amount of capture element required to successfully immobilise the CSSV target
sequence, a competition experiment was run. The aim of this experiment was to evaluate the
proportion of the extra complementary sequence required to displace the equilibrium from the two
large fragments (ORF1T/ORF1TC) to obtaining a profile similar to what is observed with
ORF1T+capl+cap2. When this point would be reached, this would mean that most of the fragments
bound to ORF1T are the detection probes capl and cap2, rather than ORF1TC and would place the
samples in conditions which would replicate a CSSV assay, where the detecting probes would compete

with the complementary sequence of the region of interest to bind to the targeted region.

This was assessed by preparing samples containing all fragments (ORF1T, ORF1TC, capl, cap2) in
equimolar proportions at 2 UM and then comparing them to samples containing respectively 2 (1 uM),
5 (0.4 uM), 10 (0.2 uM), 50 (0.04 uM) or 100 (0.02 uM) times less ORF1TC fragment. Reference mixes

included samples of known profile like ORF1T plus ORF1TC in equimolar proportions and ORF1T with
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capl and cap2. The HRM profiles of the three groups of oligonucleotide mixture were compared

(Figure 3.15).
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Figure 3.15: High resolution melt curves of competition experiment between ORF1TC and the detection probes capl and
cap2.

As the ORF1TC concentration in samples containing ORF1T+ORF1TC+capl+cap2 was progressively reduced, the melting
curve profile shifted from the most stable green curve (ORF1T+ORF1TC) to the least stable purple curve
(ORF1T+capl+cap2). The samples are presented in the legend box by decreasing melting temperature. Normalised melting
curves were calculated from four replicated samples and are displayed with standard error bars.

The sample group containing ORF1T + ORF1TC in equimolar proportions exhibited the highest melting
temperature. The decrease of the slope of the corresponding curve, which reflects the emission of
fluorescence, was the smallest among all the samples tested. This indicates that the ORF1T+ORF1TC
samples had the highest resistance to heat denaturation. In contrast, the samples containing
ORF1T+capl+cap2 had the lowest melting temperature. When capl and cap2 were added to

ORF1T+ORF1TC, the overall curve was closer to the ORF1T+ORF1TC samples.

As the proportion of ORF1TC in the mixture was gradually reduced 2, 5, 10, 50 and 100-fold, the

melting temperature shifted accordingly towards the profile observed for ORF1T+capl+cap2. With the
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complementary sequence diluted 2, 5 or 10-fold, intermediate melting temperatures were observed.
At 50 and 100-fold dilutions, the curves merged with the ORF1T + capl + cap2 curve, showing that at

this concentration, most of the ORF1T sequence was bound to capl and 2 rather than to ORF1TC.

This means that in an assay using CSSV-infected T. cacao extracts, the concentration of the capturing
probes capl and cap2 should be set to be 50 times greater than the ORF1T targeted sequences
originating from the infected plant samples. This proportion would allow the detection of most of the

targeted region of interest of CSSV present in the samples.

This was confirmed by a PCA run in unsupervised mode (Figure 3.16): samples where the complement
was diluted 50 or 100-fold all segregated with the ORF1T+capturel+capture2 (Cluster3, Green

circle), with an average typicality respectively of 0.86 and 0.48.
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Figure 3.16: Screenclust unsupervised PCA of the competition HRM run from figure 3.15.

Cluster number was set to 5. ORF1T+capl+cap2 samples (yellow squares) and All fragments+ORF1TC/50 (red squares) and
All fragments+ORF1TC/100(deep blue) samples segregated in the same cluster (Cluster 3, Green).
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3.3.4.4 Chemical-mediated oligonucleotide lattice structure modification analysis by HRM.

e Sodium hydroxide-mediated denaturation of the oligonucleotide lattice analysis by HRM.

Sodium hydroxide was assessed as a means of manipulating the structure of the oligonucleotide
lattice. A range of sodium hydroxide concentration (0, 4, 6, 8, 10, 11 or 12 mM) were added to samples

containing ORF1T, ORF1TC, capl and cap2 in equimolar amounts and analysed by HRM (Figure 3.17).
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Figure 3.17: Effect of sodium hydroxide on the oligonucleotide lattice thermostability.

Equimolar sample mixtures of all fragments containing ORF1IT+ORF1TC+capl+cap2 were incubated with either 4, 6, 8, 10,
11 or 12 mM sodium hydroxide and placed in the Rotor-Gene Q to assess the thermostability of the oligonucleotide lattice
to the chemical. The thermostability of the lattice decreased when the concentration of sodium hydroxide reached 10 mM
(red curve). Curves are normalized melting curves of four replicates with standard error bars.

Several groups were observed based on the offset from the control curve. The melting curves when
the DNA was exposed to 4, 6 or 8 mM NaOH were superimposed to the untreated control, with the 8
mM NaOH curve diverging slightly when the temperature was reaching 80°C. When the concentration
of sodium hydroxide in the medium was set to 10 mM, an offset was observed, and the melting
temperature of the lattice was reduced from 80°C to 67°C. A further decrease of fluorescence was

then observed at the higher NaOH concentrations of 12 mM. The profile for this melting curve was
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comparable to what was observed when single stranded DNA molecules are analysed as shown on
Figure 3.9, suggesting that either the fluorescence was immediately lost or that the double-stranded

conformation could not be achieved under these conditions.

A PCA analysis was set to verify if the differences observed between the melting groups were

significant (Figure 3.18).

Principal Component 2

Principal Component 1
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Figure 3.18: Screenclust Supervised PCA of sodium hydroxide-treated samples.

A cluster was set to contain untreated control samples. Black circle contains samples treated with 12 mM of sodium
hydroxide; Blue circle: 11 mM, green circle: 10 mM and purple circle: All remaining samples (0, 4, 6 and 8 mM). The
clustering observed matched the melting curves presented in Figure 3.17.

The analysis was performed in supervised mode, with one cluster allocated to control samples not
exposed to NaOH. Samples containing either 0 (typicality=0.999), 4 (typicality=0.989), 6
(typicality=0.994) or 8 mM NaOH (typicality=0.991) all separated in this same cluster (Purple circle,
Figure 3.18). The other groups of samples grouped separated in clusters according to the
concentration of sodium hydroxide used. The clustering therefore reflects the grouping observed on

the melting curves (Figure 3.17).
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3.3.4.4.1 Denaturation and renaturation of the oligonucleotide lattice using sodium hydroxide and acetic acid.

Acetic acid was used to renature sodium hydroxide-denatured oligonucleotides mixture. The inter-
strand bond between the fragments in solution was disrupted by adding 100 mM sodium hydroxide
to the samples, followed by addition of a 2.5 N acetic acid solution to buffer the medium and therefore
re-enabling the formation of hydrogen bonding between the complementary strands. This was
achieved by adding the capl oligonucleotide to the ORF1T and ORF1TC mixture in equimolar
proportion, to mimic the configuration of the nucleic acids on the surface of the biosensor. High
resolution melting curves of the same samples exposed to either a high concentration of sodium

hydroxide or a buffered medium were produced using the Rotor-Gene Q (Figure 3.19).

ORF1T+ORF1TC+cap1in a pH neutral solution
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Figure 3.19: Denaturation-renaturation of ORF1T+ORF1TC with sodium hydroxide and acetic acid.

High resolution melt curves of ORF1T+ORF1TC+capl placed in a pH neutral solution or incubated with sodium hydroxide
(100mM) and acetic acid (2.5N). A combination of sodium hydroxide and acetic acid can be used to denature then renature
the oligonucleotide lattice with a limited impact on the melting temperature. The curves presented are normalized melting
curves of four replicates with standard error bars.

The two set of samples that were analysed exhibited distinct melting curve shapes. The melting curve

replicates of the samples exposed to a sodium hydroxide and buffered with acetic acid were more
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variable as demonstrated by the higher value of the error bars than the samples placed in a pH neutral
solution, and the fluorescence was lower before reaching 68°C. Both type of samples melted at the
same temperature. This shows that the sodium hydroxide-denatured fragments were able to re-

anneal one to another and melt at the same temperature.

3.4 Discussion and conclusion

The genome of the CSSV isolate maintained at the envirotron at UWE was sequenced de novo using
eighteen primer pairs. This step was performed to ensure that the sequence used to design the nucleic
acid biological recognition element part of the biosensor was the same as the sequence of the virus
infecting T. cacao trees used as samples. This was verified and alignments of the eight genome
sequences available at the time of the study identified the ORF1 of CSSV as a suitable region of interest
for detection of the virus using a biosensor. Numerous genome sequences have since been published
(Muller et al., 2018; Chingandu et al., 2017) and have deepened the knowledge of the genetic diversity
and variability amongst the different CSSV isolates. The 76 pb region of interest, ORF1T, selected for
this study enabled the development of a prospective BRE based on CSSV’s nucleic acid sequence and
further adjustments to increase or decrease the specificity of the sensing platform would not be a
labour-intensive endeavour. Indeed, procuring DNA oligonucleotides to match the different strains

currently circulating in West Africa but with no close match in T. cacao genome would not be an issue.

Two probes deriving from the de novo sequencing of ORF1T, capl and cap2 were designed as the
biological recognition elements of the sensor. Biotinylated versions of the probes were synthesized
and tested with the synthetic targeted viral region ORF1T and its complementary sequence ORF1TC
in a dot blot assay, to assess the ability of the probes to detect a region of interest of CSSV onto the
surface of a membrane. To do so, the two short oligonucleotide probes covering the targeted
sequence were synthetized and spotted on a nylon membrane. Then, a bridge between the
immobilised anchoring sequence and the detection probe was created by incubating the ORF1T
sequence together with the probes. Regardless of the probe used, it was possible to detect ORF1T

103



with this system. Densitometry analysis of the dot blot (Figure 3.8) revealed that when capl is used as
the capturing element (as opposed to being the probing element), the signal obtained was more
intense than when cap2 was used for this purpose. This difference in the capturing abilities of the
probe could be explained by the GC-content of the two probes, respectively 50% and 42.1% for capl
and cap2 since GC bonds are more stable than AT bonds. The experiment proved the specificity of the
binding of both probes to ORF1T, in a dose-dependent manner. Both GC content and probe/target
proportion could be a factor in the decision-making process of selecting a probe to include in the
biosensing platform. The apparent differences in binding efficacy between capl and cap2 probes
should however be confirmed in further development steps, to ensure that the difference observed
between these probes to detect ORFIT can be replicated in the assay conditions chosen for the sensor.
The dot blotting technology is well established (Stott, 1989) and is a robust method to assess if
oligonucleotide fragments can bind to their specific target. However, it is a lengthy procedure and is
therefore not ideal for developing a cold hybridization system. Instead, an approach using high
resolution melt analysis was implemented. Indeed, HRM run times are shorter and less labour
intensive than dot blot experiments. Furthermore, the samples are analysed in aqueous solution

which makes the regulation of the pH easier.

The candidate, oligonucleotide-based, biological recognition element study presented in this chapter
was further analysed using HRM analysis. HRM was repurposed as a tool to characterize the formation
of an oligonucleotide lattice between the capl and cap2 probes and the ORF1T fragment of CSSV. This
methodology was used to assess the stability of the lattice, explore the ratio of capture/detection
probe needed to immobilise the target sequence and to monitor the controlled denaturation and
renaturation of the oligonucleotides. First, the physicochemical conditions enabling the formation of
double stranded DNA molecules were verified by incubating complementary fragments in either
water, that will not enable inter-strand bonding formation, or an annealing buffer where the
nucleotides can bind one to another. As a control, single stranded samples were incubated in the same
experiment. Double-stranded samples in water produced a melt curve similar to single stranded,
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demonstrating that they were not able to associate in these conditions. In contrast, the same
fragments placed in annealing buffer created a typical melting curve, specific to the oligonucleotide
association, where the fluorescence dye is release progressively and the signal is lost at a higher
melting temperature (Figure 3.9). Tan and Chen, (2006) demonstrated that ions have a crucial role in
nucleic acid stability. Indeed, annealing experiments performed in water exhibited profiles of single-
stranded molecules when compared to samples placed in a buffer saline solution containing the ions
allowing the thermodynamic arrangement of the DNA as double-stranded helix (Figure 3.9). Further
experiments aimed at investigating the dynamic of interaction between the region of interest and the
oligonucleotide to be used as anchoring or detection probes were caried out. Subtle differences
between the fragment’s association strength were observed using HRM (Figure 3.12). The association
of the two large fragments, ORF1T+ORF1TC sample group exhibited the highest stability of all the
samples group, which is the result expected provided that these sequences could form the most
bonds, and therefore possessed the highest thermostability. In contrast, the samples containing
ORF1T and capl+ cap2 released the fluorescence dye first. This data is consistent with the dot blot
assay result, where capl provided a stronger signal than cap2 (Figure 3.7). The difference observed
between the combination of long fragments ORF1T/ORF1TC and ORF1T with the shorter capl and
cap2 can be explained by the nick present in the middle of the double-stranded molecule that occurs
when the two probes are bound to ORF1. While the sequence of the two types of samples was
identical, the resulting thermostability was significantly affected (Figure 3.13) and HRM analysis could

account for this structural change information.

Experiments were conducted to quantitatively assess the dynamic of interaction between the region
of interest ORF1T, ORF1TC and the two probes capl and cap2. In the context of a sensor analysing
real-life samples, a competition would occur for binding to ORF1T between the naturally occurring
complementary sequence ORF1T and capl+cap2. Knowing the respective melting curve profiles of all
combination of fragments, HRM was utilised to determine the ratio of competing ORF1TC required for
shifting the profile from a two long fragment shape to one long fragment with two smaller fragments
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profile. Analysis of samples containing a range of dilution of ORF1TC revealed that when the
complementary fragment was diluted 50 and 100-fold compared to the other fragments, the curve
overlapped with the curve of the control samples containing ORF1T with the probes capl and cap2
(Figure 3.15). These theoretical values would need to be confirmed since discrepancies can be
observed between the ideal synthetic samples and actual viral DNA plant samples. For example, Eun
et al. (2002) reported a limit of detection of 1 ng of purified nucleic acid from two orchid viruses which

was increased to 10 ng of crude sap when using a piezoelectric DNA sensor.

The HRM approach was further used to investigate a chemical-mediated denaturation and
renaturation of the oligonucleotide biological recognition element. Using chemicals to manipulate the
DNA structure could replace temperature-based denaturation/renaturation and therefore reduce the
cost of the sensor. HRM experiments were performed to determine the precise amount of sodium
hydroxide necessary to disrupt the oligonucleotide lattice (Figure 3.17). 4, 6 or 8 mM did not modify
the melting temperature of the lattice significantly. However, when the concentration of NaOH
reached 10 mM, a 10°C difference was observed compared to the control, and when the concentration
was set to 11 mM, a further 10°C melting temperature was measured. At 12 mM, the fluorescence
dropped to zero almost instantly, showing that full denaturation of the fragments was obtained. This
result contrasts with previous observations (Wang, Lim, and Son, 2014), where 10 mM sodium
hydroxide denatured only 5% of the test fragment throughout the experiment. In their study, the
author used a range concentration of NaOH (10, 100 and 1 M) amongst other methods to denature
an 86bp PCR product at room temperature and analysed the optical density using a NanoDrop UV-Vis
spectrophotometer. The discrepancy observed could be caused by the difference in the respective
experimental procedure. In this chapter, the DNA fragments analysed by HRM are heated, which
reduce the thermostability of inter-strand bonding while in the spectrophotometer experimentation,
measurements are performed at room temperature where the fragments are more stable and less
sensitive to chemical denaturation. Furthermore, spectrophotometry may not be the adequate means
to accurately measure subtle changes in the oligonucleotide lattice structure: experiments performed
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to observe the hyperchromicity of the single stranded fragments ORF1T or ORF1TC were inconclusive

(Data not shown).

Another key aspect of the study was to assess if it was possible to reverse the sodium hydroxide-
mediated denaturation of a mixture of DNA fragments mimicking the conformation of the biological
recognition element of the CSSV biosensor. To do so, DNA samples containing the ORF1T, ORF1TC
sequence and capl fragments were placed in a high concentration of sodium hydroxide (0.1 M), then
acid acetic (2.5 N) was added to neutralise the pH. The subsequent HRM analysis showed that although
the curve had a different shape compared to the untreated sample, the melting temperature
remained unchanged (Figure 3.19). This shows that the denaturation of the lattice in these conditions
is reversible since the fragments can re-anneal after having been exposed to a high concentration of
sodium hydroxide for 5 minutes. It is known that exposure to sodium hydroxide can induce irreversible
denaturation of the DNA (Ageno, Dore and Frontali, 1969a) but the conditions tested here did not
seemingly damaged the nucleic acid fragments. This result is important for the development of the
sensor. Sodium hydroxide will be tested in the subsequent chapter to extract the DNA of CSSV from
field samples. The protocol to prepare the samples would therefore be simplified. Based on this data,
an alkali extraction buffer could be used, allowing both the lysis of the plant cells and denaturation of
the viral sequence in a single step, enabling their hybridization to an immobilised capturing probe.

Then, a neutralising solution based on acetic acid could induce the annealing to the probe.
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Chapter 4 Evaluation of the DNA BRE to detect CSSV from
Theobroma cacao samples.

4.1 Introduction.

The interaction between the oligonucleotides capl, cap2 and the synthetic targeted region of interest
within CSSV genome ORF1T and ORF1TC was studied using high resolution melt analysis in the
previous chapter. Using this technique, it was proven that sodium hydroxide and acetic acid could be
used to manipulate the interaction between the oligonucleotides forming a lattice that could be used
as a biological recognition element of a biosensor targeting CSSV. A PCR-based detection requiring
rapid and accurate temperature changes would be challenging to transpose in the field. While an
isothermal assay that was developed by the company Swiss DeCode (Swiss DeCode, 2021) is now
available, the technology relies on the amplification of a section of CSSV genome. It was however
recently discovered that CSSV sequence fragments could be found integrated within T. cacao genome
(Muller et al., 2021b). Named eTcBV for endogenous T. cacao bacilliform virus, the sequences are
present in asymptomatic trees, and genetic analysis suggests that the integration occurred prior to
the export of the tree in other continents. This raises the possibility of false CSSV positive results on
asymptomatic trees wherever they are grown with assays relying on sequence amplification. A
membrane-based biosensor targeting the nucleic acid of the virus could therefore mitigate the
potential false positive detection. Furthermore, hybridisation assay relies on the detection of actual
copy numbers of a targeted sequence of interest. In a CSSV-infected tree, actual viral copies of a
targeted candidate sequence would outnumber a putative integrated sequence that would be present
as two copies per cell in the case of a single insertion event. This means that a probe-based
hybridisation approach would be less likely to cause a false positive signal. Assay relying on a

membrane hybridisation could also feature the cost and limited personnel training requirements. A
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“cold” membrane-based assay involving chemicals to manipulate the structure of the double-stranded
DNA molecules and enable binding of the labelled oligonucleotide to the targeted viral sequence could

replace temperature-induced denaturation and renaturation of the nucleic acid.

The first challenge to the development of such a biosensor is the preparation of the sample that will
be introduced to the platform by separating the nucleic acids from the other cell components. CSSV
DNA extraction is currently performed for the purpose of fundamental research and relies primarily
on the utilisation of commercial kit designed for plant DNA extraction. DNA extraction protocols solely
targeting the virus are not likely to be applicable in a field set up since they require extensive
laboratory work, involving enrichment steps to concentrate the viral particles (Xie and Hu, 1995).
Besides, most of the DNA extraction protocols in the literature are designed to produce samples
suitable for downstream molecular applications such as PCR. For these, the purity of the nucleic acid
is critical for reliable DNA exponential amplification. These extraction methods tend to include
complex protocols with often hazardous chemicals. Commercial kit procedures were developed to
produce the best yield and obtain the purest DNA possible from plant samples and use the guanidine
thiocyanate extraction created by Ulrich et al. in 1977. This detergent lyses the cells and denatures
proteins, hence protecting nucleic acids from nucleases degradation during the extraction process
(Boom, 1990). Typical DNA extraction methods combine a chaotropic agent such as a detergent and
alkaline lysis to destabilise the cellular structure of the plant cells and create physicochemical
conditions where the nucleic acids are selectively separated from the other cell components. Sodium
hydroxide in solution, by locally raising the pH of the extracted plant cells, creates the conditions to
enable DNA extraction (Kashyap et al., 2016). Furthermore, sodium hydroxide can break the hydrogen
bonds between two DNA strands, creating single stranded molecules, which would enable binding of

the probes to detect CSSV without resorting to temperature.
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4.1.1 Aim and objectives of this chapter.
This chapter describes the feasibility of integrating the nucleic acid lattice described and characterised
by HRM in chapter 3 as the biological recognition element to detect CSSV using T. cacao extracts in a

temperature-independent assay.

Objectives will cover:

o The feasibility of extracting total DNA from CSSV-infected T. cacao samples. This is addressed
by developing chemical and mechanical methods to disrupt plant tissues to collect both CSSV
and T. cacao DNA. The quantity of the DNA extracted will be subsequently evaluated using

gPCR. The method will focus on the leaves and branches of the tree.

e The ability of the biotinylated oligomeric probes developed in chapter 2 to detect CSSV from
infected plant samples. This will be evaluated with a pull-down assay using streptavidin-

coated magnetic particles to retrieve nucleic acid-bound probes.

e The development of a “cold” temperature-independent assay using the oligomeric probes to

detect CSSV DNA. This will be tested with a membrane-based hybridisation assay.

e The ability of sodium hydroxide to denature the whole DNA for enabling the binding of
oligonucleotide probes in samples from CSSV-infected T. cacao extracts will also be

investigated using a pull-down assay and gPCR.

4.2 Material and Methods.

4.2.1 Material sampling.
T. cacao plants were kept at the UWE envirotron and were the source for all the material tested in this

work. CSSV negative and CSSV positive plants were kept in distinct sections of the green house.
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4.2.1.1 Leaf sampling.

Calibrated samples were cut from a single leaf, targeting a region of the lamina close to the midrib,
using a coring tool to produce T. cacao discs of 1 cm diameter. Discs were weighed and 25 mg were
placed in a 1.5 mL microcentrifuge tube and stored at -20°C until processing or used

extemporaneously.

4.2.1.2 Phloem sampling from branches.

4.2.1.2.1 Phloem sampled from sectioned branches.

Figure 4.1: Sampling of T. cacao branches for phloem extraction.

50 mm (+/-10%) pieces of T. cacao branches were sectioned with dissection scissors. The bark was
removed using a scalpel and both the bark and the branch were placed in a 50 mL tube and stored at

2-8°C for 12 hours (Figure 4.1).

4.2.1.2.2 Phloem sampled directly from T. cacao tree branches.

T. cacao branches were sectioned with a scalpel and sectioned 15 mL conical centrifuge tubes
containing 5 mL deionised water were placed on the branches, to collect the phloem directly (Figure

4.2).
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Figure 4.2: Direct T. cacao phloem collection.

Conical centrifuge tubes were placed overnight on CSSV-infected T. cacao trees to collect phloem.

Tubes were left for 12 hours on the trees and the deionised water containing the phloem was collected

in a fresh 15 mL centrifuge tube.

4.2.2 DNA extraction methods development

4.2.2.1 Extraction from T. cacao leaves.

The extractions procedures developed in this chapter (Figure 4.3) were compared to a commercial,

standard method and evaluated by quantifying the DNA extracted by qPCR.
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Standard method NaOH method Fast method

Physical tissue disruption
with liquid nitrogen

Chemical lysis Chemical lysis

DNA precipitation

DNA precipitation

Column binding Column binding

Column binding

Elution

Figure 4.3: Diagram with summarised steps of the DNA extraction methods tested.

The Standard method is used as a reference protocol the NaOH and Fast methods are compared to.

In comparison to the standard kit extraction protocol, a second procedure called “NaOH method” was
tested. Plant samples were incubated in sodium hydroxide for one minute to replace the liquid
nitrogen step tissue disruption step from the kit protocol. Samples were then processed as per the

manufacturer instructions.

Another method named “Fast method” was developed where the samples are treated with sodium
hydroxide and then introduced in the standard, kit procedure from the column binding step onwards.
The aim of this procedure was to evaluate if a simple sodium hydroxide treatment was sufficient to
extract CSSV’s DNA. Since the extraction efficiency is evaluated by a subsequent gPCR, a clean-up step

was required to remove the sodium hydroxide that would interfere with the polymerase.

The benefit of adding the detergent sodium dodecyl sulphate (SDS) in the samples was also evaluated
for both the NaOH and the Fast methods. This is an adaptation of a method developed by Dellaporta
(Dellaporta, 1983) that relies on the SDS ability to precipitate cellular proteins and lipids while keeping

nucleic acid in solution, allowing their differential isolation.
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4.2.2.1.1 Standard DNA extraction procedure.

Pre-weighted stored samples were immersed in liquid nitrogen and leaves samples were disrupted
with forceps. Ground samples were processed using GenelET Plant Genomic DNA Purification Kit

(Thermo) as a standard method, following the manufacturer’ protocol.

4.2.2.1.2 Sodium hydroxide extraction procedure.

This extraction includes a combination of chemical lysis using sodium hydroxide and mechanical
disruption using sterile glass sand. 200 mg of sterile glass sand were added to each tube containing
calibrated leave discs. 350 pL of NaOH 0.2 M was added and the sample was ground with forceps for
1 min. 350 pL of Lysis Buffer A from the GenelET Plant Genomic DNA Purification Kit (Thermo) was

added to the samples and the kit procedure resumed.

4.2.2.1.3 Fast extraction method

This procedure uses the same treatment as described in the sodium hydroxide extraction procedure,
but the chemical lysis and DNA precipitation were omitted. 200 mg of sterile glass sand are added to
each tube containing calibrated leaves discs. 350 pL of NaOH 0.2 M were added and the sample ground
for 1 min with forceps. Samples were centrifuged 5 min at 16,000x g. Supernatant was transferred to
a fresh microcentrifuge tube and centrifuged again 1 min at 16,000x g. 400 uL of binding buffer were
added to the supernatant and the mix was applied to the purification column from the Genelet Kit,

and the manufacturer’ protocol was then followed.

4.2.2.1.4 Influence of SDS

The influence of SDS was evaluated by adding the detergent with the sodium hydroxide in the Sodium
hydroxide and Fast methods. In the initial step of the procedure, 1% SDS was added to 350 pL of NaOH

0.2 M and then the remaining of the protocol was carried out similarly.
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4.2.2.2 Extraction from T. cacao phloem.

4.2.2.2.1 Extraction from sectioned branches.

Sections of T. cacao branches were sectioned with dissection scissors and placed in a tube containing
30mL of a solution of either 1 M NaCl, 25 mM NaOH or deionised H,0. Samples were macerated for
60 min at RT on a rotating wheel. After incubation, 150 pL samples were extracted using the DNeasy

plant mini kit (Qiagen) using the manufacturer’ instructions.

4.2.2.2.2 Direct extraction from branches.

150uL from the overnight samples collected from the sectioned tubes placed on the trees were

extracted using the DNeasy plant mini kit (Qiagen) using the manufacturer’ instructions.

4.2.3 Oligomeric probe functionality testing.
Biotinylated oligomeric probes targeting a region of interest located on the ORF1 of CSSV’s genome

are tested for their ability to detect the virus in solution.

4.2.3.1 Preliminary testing.

Prior to testing the probes with extracted plant DNA, streptavidin-coated superparamagnetic particles
(SA-MP) (Pierce) were tested for their ability to detect synthetic CSSV DNA using a combination of
single strand DNA probes (Figure 4.4). The first combination aimed at detecting the 76 bp ORF1T
region of interest located on the ORF1 of CSSV, using the set of probes capl and cap2 (Table 4.1). Cap1l
is complementary to the first 38 bp of ORF1T while cap2 is complementary to the second 38 bp of
ORF1T (Figure 3.1). Stock SA-MP were washed twice with two volumes of buffer B (100 mM Tris, 1 M
LiCl, Tween 20 0.1% pH 8) and resuspended with one volume biotin incubation buffer (5 mM Tris, 0.5
mM EDTA, 1 M NacCl, 0.05% Tween 20, pH 8). 50 pmol of the modified oligonucleotides diluted in TE
buffer (10 mM Tris-HCI, pH 9.0, 0.5 mM EDTA) were then added to the particles and incubated for
30min on a rotating wheel at RT in 500 pL Hybridisation buffer (750 mM NacCl, 150 mM Sodium citrate,
pH 7.4). Solutions containing 5 pmol of the ATTO 565 nm fluorescent oligonucleotide (Eurofins) and

2.5 pmol of the synthetic single stranded ORF1T region of interest were incubated with the particles
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at RT for 30 min, protected from light. Binding reactions were then washed with three volumes of
Hybridization buffer using a magnetic rack. Reactions were then eluted from the SA-MP with 50 mM
NaOH for 15 min at RT. 50 mM HCI| were added to the preparation and the eluates were collected,

transferred to a 96 well plate, and imaged using a Li-Cor Odyssey imaging system.

1 Immobilisation of the probe on the magnetic particles 2 Hybridization ORF1T/fluorescent cap1 probe
cap1-ATTO
cap2-biotin L !
I
FEEEreerreneni 2 + +
LLLLLLLULLUULLLULLLLULLLLLLL
30" atRT ORF1T
3 Detection of ORFIT W /
30' at RT S
cap1-ATTO cap2-biotin
(LEGEND A
e biotinylated cap2 probe
ORF1T l biotin
15' elution with NaOH then neutralisation with HCI v streptavidn
° Magnetic particle
l #-—= | fluorescent cap1 probe
. ATTO fluorescent dye
Image data ) )
- processing sossecence. | ORF1T oligonucleotide
and analysis
Created in BioRender.com bio

Figure 4.4: Validation of streptavidin coated magnetic particles for detecting the synthetic DNA fragment ORF1T of the
ORF1 of CSSV using the oligonucleotide probe capl and cap2.

The second combination tested used the 2143R0OI oligonucleotide probe that is targeting a sequence
on the ORF3 of CSSV. The probe was immobilised on the SA-MP and the complementary sequence

probe, 2143ROIC, labelled with the ATTO fluorescent dye, was used as a reporter (Table 4.1).
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Table 4.1: Oligomeric probes and synthetic oligonucleotides used in this chapter.

Primer name Sequence 5'-3' Size (bp)
capl GAGTACCTTGACCTGGCCTCTACCAGTAAAGTGACCAA 38
cap2 CAACCAACTAGCTCATAACCTCGCAGTAACCTTTGATA 38

2143RO ATAAGAGAACACACTGTAGCAGTCT 25

2143R0OIC AGACTGCTACAGTGTGTTCTCTTAT 25

ORFIT TATCAAAGGTTACTGCGAGGTTATGAGCTAGTTGGTTGTTGGTCA -
CTTTACTGGTAGAGGCCAGGTCAAGGTACTC

ORFITC GAGTACCTTGACCTGGCCTCTACCAGTAAAGTGACCAACAACCA -
ACTAGCTCATAACCTCGCAGTAACCTTTGATA

4.2.3.2 Pull-down assay with CSSV-infected Theobroma cacao extracts.

The objective of the pull-down was to verify that the single stranded probe can detect CSSV DNA in
solution. Biotinylated probes were first annealed with CSSV DNA. SA-MP were then added to the
samples, incubated at room temperature on a rotating wheel to capture the probes bound to the DNA.

Whole DNA was then eluted from the SA-MP and quantified by gPCR.

4.2.3.2.1 Leaf extracts.

150 pL of CSSV-infected T. cacao leaf DNA extracts were mixed with 2.5 uL of 2 uM biotinylated
oligonucleotides probes. Whole DNA samples were then heated at 95°C for 10 min in the Rotor-Gene
Q (Qiagen) to denature the double stranded molecules. Probe and whole DNA were annealed by
incubating the samples 2°C below the Tm of the probes for 5 min and then placing them overnight on
ice or alternatively left to cool to RT on the bench. 4 mg/mL SA-MP were added to the samples and
incubated for 30 min at RT on a rotating wheel. Reactions were placed on a magnetic rack, the SA-MP
washed twice in two volumes of washing buffers. Several wash buffers were tested. Default washing
buffer was buffer B/W (20 mM Tris pH 1.5, 1 M NaCl, 1 mM EDTA, 0.0005% Triton X-100). For the

stringent wash testing, SA-MP were first washed twice for 5 min with 2X SSC, 0.1% SDS at RT and twice
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with 0.1X SSC, 0.1% either at RT, 40, 50 or 60°C. After the washes, SA-MP were incubated 5 min at

95°C in TE buffer to elute the DNA. Eluted DNA was use as a template for gPCR reactions.

4.2.3.2.2 Phloem extracts.

=  Phloem from sectioned branches.

24 mL of the macerated branches samples from section 2.2.2.a were mixed with 6 mL of 5X B/W buffer
and 2 uM of biotinylated capl and cap2 oligonucleotides. Oligonucleotides and extracts were
incubated for 30 min on a rotating wheel. 50 pL of SA-MP at 4 mg/mL were added to the samples and
incubated with the extracts for 30 min on a rotating wheel. Samples were placed in the fridge for 18
hours on the magnetic rack to allow SA-MP to be collected. Supernatant was removed, and the SA-
MP washed twice with 1 mL B/W buffer, followed by stringency washes with 1 mL 2X SSC, 0.1% SDS
at RT twice and twice with 0.1X SSC, 0.1% at RT. Samples were eluted with 50 pL TE buffer, heated to

95°C for 5 min and amplified by qPCR.

=  Phloem collected directly from the branches.

2mL from the overnight samples were transferred in a bijou container and mixed with 500 pL 5X B/W
buffer, 15 pL biotinylated capl and 15 ulL biotinylated cap2 at 2 uM, and 100 pL SA-MP at 4 mg/mL.
Samples were incubated for 30 min at RT on a rotating wheel. Samples were then diluted with 1-3 mL
of B/W buffer until the consistency of the samples allows the SA-MP to bind to the side of the
microcentrifuge tube when placed on the magnetic rack. SA-MP were then washed with 1 mL 2X SSC,
0.1% SDS at RT twice and twice with 0.1X SSC, 0.1% at RT. Samples were eluted with 50 uL TE buffer,

heated to 95°C for 5 min and amplified by gqPCR.

4.2.4 gPCR amplifications.
Two gPCR were used in this chapter. A SYBR Green qPCR assay was employed to evaluate the efficacy

of the CSSV DNA extraction methods from T. cacao leaves. A TagMan assay was performed for
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analysing the extraction of CSSV from the tree’s phloem and for assessing the performance of the

biotinylated oligonucleotides in the pull-down assay.

The SYBR Green qPCR were set using primers targeting a region of the CSSV genome overlapping ORF2
and ORF3 to produce a 387 base pairs fragment (Table 4.2). Each 20 pl reaction consisted of 2 pl
forward primer “93” at 2 uM, 2 ul reverse primer “93” at 2 uM, 10 uL Sensimix Sybr Master Mix 2X
(Bioline) and 1 puL DNase/Rase free H,0 (Invitrogen) and 5 pL template DNA. All reactions were run in
triplicate on a Rotor-Gene Q instrument using the following parameters: Hold 95°C 10 min, Cycle: 95°C
10s,54°C 15 s, 72°C 20 s. Cycles were allowed to repeat 55 times. A melt step was added following
the amplification cycles, to verify the specificity of the reaction: ramp from 67°C to 95°C, rising by 1°C
each step, waiting for 5 s after each step. The efficiency of the extractions was evaluated by comparing
the cycle threshold values (Ct values) of the method tested to the Ct values obtained with the standard
reference extraction. Extract samples from the Standard method were pooled (normalised at 20
ng/uL) and diluted 10, 100 and 1000-fold and used as standards for evaluating the efficiency of both
the NaOH and the Fast methods. Triplicates qPCRs were performed on each four extraction replicates.
Triplicates Ct values were averaged, and two standard error of the mean (2SE) calculated for the 4

biological replicates.

The efficacy of the phloem CSSV DNA extraction and the ability of the biotinylated oligonucleotides to
retrieve viral DNA from plant samples processed with the magnetic beads were evaluated by TagMan
PCR assay using primers targeting the reverse transcriptase of CSSV (RTase). A nuclear genome locus
positioned next to the simple sequence repeat (SSR) mTcCIR25 from T. cacao was assessed via gPCR
alongside all samples, to quantify the quantity of plant DNA co-purified with the viral sequences.
mTcCIR25 is a single nuclear locus enabling quantification of plant genome number. In parallel, a set
of synthetic RTase targets consisting of a range of increasing copy number (500, 5000, 50000 and
500000) and amplified using the RTase assay was used to determine the copy number for both viral

and nuclear genomes.
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Table 4.2: Primers, probe, and reference CSSV fragment sequences used in the gPCR quantifications.

Utilisation
Leaf Phloem Biotinylated
Description Function Sequence 5' - 3' extraction extraction | probe Pull-
qPCR TagMan down assay
F-74 Forward primer - CSSV Reverse Transcriptase CTGAAGCGAGTAGGCAACAA X v v
R-151 Reverse primer - CSSV Reverse Transcriptase CAGTCCAAGGGATGGACTCT X v v
CSSV RTase Tagman Assay probe [FAM]TCCATCAGGTTGCCATGGCA[BHQT] X v v
MTcCIR25F Forward primer - T. cacao single locus SSR (Y16997) |CAGATAAGGAAAGGTGGAGTTTGG X v v
MTcCIR25R Reverse primer - T. cacao single locus SSR (Y16997) |CAAGAATGTCTCCTACATTCACTACG X v v
MTcCIR25P Tagman Assay probe [FAM]TTCCCGTAAGCTTCGTCCCAGATGC[BHQT] X v v
F-93 Forward primer - CSSV ORF2-3 Overlap TGAAGAACTGGTGCAAGATCA v X X
R-93 Reverse primer - CSSV ORF2-3 Overlap TCAACCTTCTGGCATTCCTT v x X
CTGAAGCGAGTAGGCAACAAAAAAATTTTCAGCAA
Rtase Synthetic fragment Standard sequence GTTTGATTTAAAATCAGGCTTCCATCAGGTTGCCAT v v v
GGCAGAAGAGTCCATCCCTTGGACTG

TagMan gPCR was then performed on 5 pl of DNA samples using both a CSSV primer/probe assay and
a plant genome primer/probe mix (Table 4.2) in Sensifast No RoxMaster Mix (Bioline). The gPCR
reaction mix primer/probe mix was prepared by combining probe (2.5 pl of 100 pmol/ pl), forward
primer (10 pl of 100 pmol/ ul), reverse primer (10 pl of 100 pmol/ pl) and 77.5 pl of 10 mM Tris-Cl. 0.5
mM EDTA; pH 9.0. Each 20 ul reaction consisted of 10 ul Sensifast No RoxMaster Mix (Bioline), 0.8 pul

primer/probe mix, 4.2 ul nuclease free water and 5 pl DNA template.

4.2.5 Development of a membrane-based cold neutral hybridisation assay.

4.2.5.1 Synthetic oligonucleotides.

The aim of this experiment was to evaluate if CSSV’'s DNA can be detected in a temperature
independent assay. Nylon membranes were spotted with synthetic ORF1T with ORF1TC spotted as a
negative control. DNA extracted from CSSV-infected T. cacao leaves using the NaOH method was
mixed with biotinylated capl and cap2 oligonucleotides probes and applied to the membranes, at RT.
Membranes were washed, SA-HRP incubated on the membranes and the chemiluminescent signal

measured with a Li-Cor Odyssey.

Biodyne nylon membranes B (Thermo, UK) were pre-incubated in AB2X (200 mM Tris HCI pH 8, 500
mM NaCl, 100 mM EDTA) for 120 min. 50 or 100 ng Synthetic ORF1T and 100 ng ORF1TC were applied

on the membrane using a vacuum manifold dot blotting apparatus (Bio-Rad, UK). Membranes were
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blocked with 100 pg/mL pre-denatured salmon sperm DNA (Thermo, UK) in AB2X. Biotinylated cap1l
and cap2 probe diluted in AB1X were added at a range of concentration from 0.48 to 1000 ng/mL. For
competition assay, ORF1T and ORF1TC were added to the probe mix and applied to the membranes
at a range of concentrations from 5 nM to 500 nM. Membrane was washed twice in AB2X. Membranes
were then removed from the dot blot apparatus and blocked in PBS + 1% BSA (Sigma, UK) for 60 min
at RT. Streptavidin-horseradish peroxidase conjugate (Invitrogen, UK) at 1/500 dilution was applied to
the membrane in PBS + 1% BSA for 45 min. Membranes were washed three times in PBS+0.1% Tween
20. Chemiluminescent substrate was applied to the membranes (Pierce, UK) and signal was measured
using a Li-Cor Odyssey. Resulting chemiluminescent signal from digital pictures of the membranes was
measured using the Fiji imaging software (Schindelin et al., 2012b) with the protein analyser module

and corresponding pixel density measurements copied for further analysis in an excel spreadsheet.

4.2.5.2 Cold hybridization with CSSV-infected plant samples
A competition was conducted adding biotinylated capl and cap2 probe to T. cacao extracts positive

or negative to CSSV.

Biodyne nylon membranes B pre-incubated with AB2X. ORF1T and ORF1TC were spotted on the
membranes in triplicates. Membranes blocked with 100 pug/mL pre-denatured salmon sperm DNA
(Thermo) in AB2X. Strips of the membrane were placed in bijous containers containing 1 pg/mL
biotinylated capl and cap2 in AB1X and either 1400 ng of CSSV negative T. cacao whole DNA extracts
or 1400 ng of CSSV positive T. cacao whole DNA samples (as defined in section 4.2.1) extracted using
the NaOH method. Bijous were placed on a tube roller for 45 min at RT. DNA solutions were decanted
and the membrane strips washed three times with PBS+0.1% Tween 20. Strips were blocked for 18
hours at 4°C in PBS+1% BSA (Sigma). Streptavidin-horseradish peroxidase conjugate (Invitrogen) at
1/500 dilution was applied to the membrane in PBS + 1% BSA for 45 min. Membranes were washed
three times in PBS+0.1% Tween 20. Chemiluminescent substrate was applied to the membranes

(Pierce) and signal was measured using a Li-Cor Odyssey.
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4.2.6 Pull-down assay following sodium hydroxide-mediated DNA denaturation.
Whole DNA extracted from either CSSV positive, or negative T. cacao leaves were treated with sodium
hydroxide. The aim of the procedure was to open the double-stranded DNA without the intervention

of temperature, to allow access of the region of interest to the biotinylated probes.

Calibrated leaves sections were cut using a coring tool and the resulting samples were weighed. 25
mg sections were frozen in liquid nitrogen and broken-down using tweezers. Whole DNA was then
extracted using the guanidine salts method with the DNeasy plant mini kit (Qiagen, UK), and eluted in
TE buffer. Triplicates 45 pL samples from either CSSV positive or negative plants were mixed with 2.5
uL of the capl and cap2 biotinylated oligonucleotide probes. 15 pL of 100 mM sodium hydroxide was
added to each sample and incubated for 5min at room temperature. Solutions were neutralised with
1.25 uL 1.5 N acetic acid and incubated for 5min at room temperature. 400 pL of B/W buffer (200 mM
Tris-HCl pH 7.5, 1 M NaCl, 1 mM EDTA, 0.0005% Triton X-100) was added to the samples and mixed
with 50 pL of 4 mg/mL SA-MP pre-equilibrated in reaction buffer. Samples was incubated 30 min at
RT on a rotating mixer. SA-MP were collected by placing the sample tubes on a magnetic rack and
washed twice with 500 pL B/W buffer. DNA was eluted by heating the SA-MP in 50 pL TE buffer and

quantified by qPCR.

4.3 Results

4.3.1 Evaluation of the DNA extraction methods from leaves material.
DNA samples extracted from T. cacao leaves using either a standard method using a commercial kit
and two modified procedures including NaOH treatment, the Fast and the NaOH methods were

evaluated by qPCR (Figure 4.5).
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Figure 4.5: Boxplot of the Ct values of the qPCR amplification of a 387 bp CSSV amplicon comparing the three extraction
procedures.

The figure above each box is the mean value of three extraction each run as three replicates qPCR.

Only samples from the standard extraction samples resulted in a gPCR amplification for undiluted
samples (Figure 4.5). For samples diluted 10 times, extracts from the NaOH method were first to
amplify on average, followed by the Standard method. Samples from the Fast method did not amplify.
At a 1 in 100 dilution, NaOH method extracts amplified first, followed by the Fast method extracts

samples. Samples from the Standard kit extraction amplified then last.

Since the dilution of the eluate had influenced the observed Ct values of the extractions, a further
dilution, 1 in 1000 was tested (Table 4.3). In this run, eluates from the Standard method were used
as standards and run diluted 1 in 10, 1 in 100 and 1 in 1000. In addition, the benefit of adding SDS to
improve extraction of genomic DNA was tested by adding 0.1% SDS to the sodium hydroxide solution

used in the first step of the procedure.
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Table 4.3: Average Ct values obtained in two qPCR amplifications of a 387bp CSSV amplicon obtained with the tested DNA
extractions methods. Each Ct value of the samples from the method tested (NaOH, NaOH+SDS, Fast, Fast+SDS) was
calculated from four biological replicates of the extraction, and three mechanical qPCR replicates from each sample.

Run1 Run 2
Method Dilution Average Ct 2 Method Dilution Average Ct 2
1/10 17.72 Standard 1/10 18.10 Standard
Standard 1/100 29.08 Errors Standard 1/100 22.69 Errors
1/1000 35.74 1/1000 35.37
NaOH 1/1000 29.99 1.705 NaOH 1/1000 3214 1.082
m 1/1000 29.74 0.704 w 1/1000 32.33 1.810
1/1000 29.14 0.297 1/1000 29.26 0.760
“ 1/1000 30.94 1444 “ 1/1000 29.71 0.855
5.657

Ct values of the 1/1000 diluted eluates were 35.74 for the Standard method on the first gPCR and
35.37 on the second. Ct values for the Fast method were 29.14 in the first run and 29.26 in the second.
For the NaOH method, the Ct values were 29.99 and 32.14 in the first and the second run, respectively.
Adding SDS had no noteworthy effect on the Ct values obtained with the NaOH method (29.99 without
SDS, 29.74 with SDS in the first run, 32.14 without SDS, 32.33 with SDS in the second run). For the Fast
method, adding SDS increased the Ct values: 29.14 without SDS, 30.94 with SDS in the first run; 29.26

without SDS, 29.71 with SDS in the second run.
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Figure 4.6: Melt curve profile after gPCR amplifications of the extracts.

Top graph represents the melt of the first qPCR run, the bottom graph represents the melt of the second qPCR run. In both
instances, the amplified fragment displayed a single melting temperature, suggesting that a single product was amplified,
regardless of the extraction method used. A single replicate is displayed.
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A melt step was added after the amplification to verify the specificity of the amplification for both
gPCR amplifications (Figure 4.6). A single peak at 84°C was observed for all samples tested, apart from

the no template control. NTC samples melt resulted in a peak at 75°C corresponding to primer dimers.

4.3.2 Evaluation of the DNA extraction methods from phloem samples.
DNA was extracted from T. cacao phloem from macerated, sectioned branch using either deionised
water, 25mM sodium hydroxide or a 1M NaCl solution, followed by a commercial kit extraction (Table

4.4).

Table 4.4: TagMan qPCR calculated copies of DNA extraction from macerated CSSV-infected T. cacao branch sections in
several solutions. The values are the average amplified copies calculated from three gPCR replicates from a single
extraction.

Young branch sample Tree "61"

.. Control
Deionised
NaCl NaOH Extracts
water
Amplified T. cacao
1.42E+02 N/A 8.11E+02 2.19E+06

copies

Amplified CSSV copies | 3.38E+04 1.10E+02 1.29E+04 1.65E+08

Ratio CSSV/T. cacao 4.08E+02 N/A 1.59E+01 7.54E+01

Samples incubated in 1 M NaCl produced the lowest amplification for the viral marker, with 1.10x10?
copies produced on average. The nuclear marker from T. cacao was not amplified. Samples extracted
in sodium hydroxide yielded 1.29x10% CSSV copies on average and 8.11x10? T. cacao copies, for a ratio
CCSV/T. cacao of 15.94. Deionised water resulted in the highest CSSV copies extracted, 3.38x10* on
average, and 1.42x10? copies of T. cacao were measured on average, for an average ratio of 407.97,

which was a 5.41 increase compared to the control kit leaves extracts ratio for this tree.

A PCR was run on phloem extracted directly in deionised water contained in a centrifuge conical tube
attached overnight to a sectioned branch of CSSV-infected T. cacao trees, as described in 2.1.2.b (Table

4.5).
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Table 4.5: TagMan qPCR calculated copies of DNA phloem direct extractions from CSSV-infected T. cacao branches in
deionised water.

Tree "61"
Tree "8" Tree "10"
Branch 1 (bottom) Branch 2 (top)
Amplified T. cacao copies 4.26E+01 6.45E+00 1.92E+01 117E+01
Amplified CSSV copies 6.30E+03 5.57E+04 1.53E+04 1.09E+04
Ratio CSSV/T. cacao 1.48E+02 4.75E+11 6.56E+02 9.40E+02

Two tubes were placed on tree “61”, one at the top of the tree and one at the bottom. On the top
tube, 5.57x10* copies of CSSV were amplified on average. Amplification of T. cacao from this tube was
low, with an average of 6.45 copies measured. In the bottom tube, 4.27x10* copies of T. cacao were
detected on average and 7.64x103% copies of CSSV on average, resulting in an average CSSV/T. cacao

ratio of 179.06.

On tree “8”, 1.53x10% copies of CSSV were detected on average. T. cacao was detected on average at
1.92x10 copies. In the last tree sampled, “10”, three qPCR replicates targeting T. cacao resulted on
average in an amplification of 1.17x10" copies. On the same sample, CSSV amplification yielded

1.09x10* copies.

4.3.3 Evaluation of biotinylated oligonucleotide probes to detect CSSV in solution.
The biotinylated oligonucleotide probes capl, cap2, 2143ROI and 2143ROIC were evaluated for

detecting a single region of interest within the genome of CSSV.

A preliminary experiment was conducted to verify if the combination of biotinylated capl immobilised
on streptavidin-coated magnetic particles (SA-MP) and an ATTO-labelled cap2 could bind to the
synthetic CSSV region of interest ORF1T. 2143R0l is an alternative biotinylated probe targeting a 25bp
sequence in the ORF3 of CSSV. 2143R0I binding to the SA-MP was monitored using an ATTO-labelled

oligonucleotide, 2143ROIC which is the complementary sequence to 2143ROI.
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Figure 4.7: Validation of streptavidin coated magnetic particles for detecting the synthetic DNA fragment ORF1T of the
ORF1 of CSSV using the oligonucleotide probe capl and cap2 or the probe 2143ROI.

A set of biotinylated probes (capl, cap2 or 2143ROIl) were immobilised on streptavidin magnetic particles (SA-MP).
Cognates probes labelled with the ATTO dye (2143ROIC or cap1) were added to the particles with or without ORF1T. Eluted
DNA was transferred to a 96-wells plate and imaged using a Li-Cor Odyssey imaging system.

The cap2 biotinylated oligonucleotide successfully bound to the SA-MP and was able to bind to the
complementary sequence of the synthetic region of interest ORF1T. A signal mediated by the binding
of the ATTO-modified capl oligonucleotide was produced (Figure 4.7). No signal was observed when
the biotinylated cap2 oligonucleotide immobilised on the particles was incubated with cap1-ATTO in
absence of ORF1T. Similarly, no signal was observed when the biotinylated capl oligonucleotide

immobilised on the particles was incubated with ORF1T and cap1-ATTO.

The alternative 2143ROI oligonucleotide probe bound to the SA-MP produced a signal when the
complementary 2143ROIC-ATTO was used, but not when 2143ROI-ATTO was used instead,

demonstrating the specificity of the reaction.

A calibration curve was drawn by incubating diluted cap1-ATTO + synthetic ORF1T with a constant

concentration of biotinylated cap2 immobilised on SA-MP (Figure 4.8).

128



500000

450000

400000 £ e P .
350000 | -
300000 } 9
250000 F

200000 |

Signal intensity (AU)
*

150000

»
100000 :

50000 r

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2

cap1-ATO+ ORFIT concentration (M)

Figure 4.8: Biotinylated cap2 (2 pM) was immobilised on SA-MP. Increasing concentration of cap1-ATTO+ synthetic ORF1T
was added to the SA-MP and produced a dose-response curve.

After incubation and washes, DNA eluted from the SA-MP was transferred to a 96-well plate the signal produced was
measured using a Li-Cor Odyssey imaging system. A logarithmic line of best fit was added.

When increasing amounts of capl-ATTO and ORF1T were incubated with a constant amount of
biotinylated cap2 immobilised on the particles, an increasing fluorescent signal was measured on the

eluates (Figure 4.8).

4.3.4 Evaluation of biotinylated oligonucleotide probes to detect CSSV from T. cacao leaf
extracts.

Oligonucleotide probes were mixed with CSSV-infected T. cacao extract, the samples heated and then
incubated with SA-MP. The magnetic particles were then washed, the DNA eluted, and qPCR targeting

both CSSV and T. cacao was used to quantify the DNA retained by the particles.

gPCR was run on both the eluted DNA and on the SA-MP (Figure 4.9). The cap1 and cap2 biotinylated
oligonucleotides pulled down by the SA-MP could bind the DNA of CSSV. The DNA from T. cacao also
bound to the particles. The PCR were run using either the eluted whole DNA from the SA-MP or using

the particles as a template. 4.74x10° copies of CSSV and 1.02x10° copies of T. cacao were amplified
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when using the eluates as a template, on average. The ratio of amplified CSSV/amplified T. cacao was
46.59. There was a lower amplification of DNA on the particles compared to the eluted fractions.
Specifically, 2.24x10* copies of CSSV and 981 copies of T. cacao were measured. The ratio CSSV/T.

cacao was 227.99 and higher than on the eluate fractions on average.
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Figure 4.9: TagMan gPCR analysis was performed on both the eluted fractions and the particles to quantify the CSSV and
T. cacao DNA captured by the biotinylated cap1 and cap2 oligonucleotides probes using streptavidin-coated particles.

Calculated copies on the y-axis are represented on a logarithmic scale. Error bars represent two standard errors of the
mean.

The ability of the probes to act synergistically was evaluated by combining capl, cap2 and either
2143R0I or 2143ROIC with CSSV-infected T. cacao extracts. Probes were annealed with the DNA
extracts in the Rotor-Gene Q 2°C below their melting temperature and then placed on ice for 18hours.
SA-MP were then added to the mixture, incubated, and washed. Whole DNA was eluted, and a gPCR

was run on the eluates (Figure 4.10).
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Figure 4.10: Evaluation of probe combinations to detect CSSV genome.

TagMan gPCR analysis was performed on eluted fractions from SA-MP to quantify the CSSV and T. cacao DNA captured by
combinations of biotinylated cap1, cap2, 2143ROI and 2143ROIC oligonucleotides probes. Calculated copies on the y-axis
are represented on a logarithmic scale. Error bars represent two standard error of the mean from three qPCR replicates.

When using cap1 with cap2, 4.26x10° copies of CSSV were amplified, and 1.22x10* copies of T. cacao,
for a ratio of 346.59. Adding the probe 2143ROI resulted in an increase in amplified CSSV copies to
5.99x10°, and to an increase in T. cacao copies to 1.34x10% The ratio was improved to 446.15. Using
the 2143ROIC probe, that is the complementary sequence to 2143R0l, with capl and cap2 resulted in
the least copies of CSSV amplified of the set tested with 3.53x10° copies measured. In contrast, T.
cacao copies were the highest, with 1.38x10* copies detected, resulting in the lowest ratio, 255.9, of

the three combinations.

In order to improve the ratio CSSV/T. cacao amplified copies further, the washing procedure was

modified with the aim was to reduce non-specific binding of T. cacao DNA to the oligonucleotide
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probes. Stringent washes utilising saline sodium citrate buffer (SSC) with SDS were compared to the

control procedure that relies on Tris, EDTA and NaCl buffer (B/W buffer) (Figure 4.11).
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Figure 4.11: Influence of the washing procedure on the DNA binding specificity to the SA-MP.

TagMan gPCR analysis was performed on eluted fractions from SA-MP to quantify CSSV and T. cacao DNA captured by the
biotinylated cap1 and cap2 oligonucleotides probes. Calculated copies on the y-axis are represented on a logarithmic scale.
Error bars represent two standard errors of the mean from three qPCR replicates.

2.85x10° copies of CSSV and 8.18x10% copies of T. cacao were obtained with the control wash
procedure. The CSSV/T. cacao ratio was 347.86. When the stringent washes procedure was applied,
8.7x10° copies of CSSV were eluted from the particles and 330 copies of T. cacao were recovered. The
CSSV/T. cacao amplified copies ratio was 26393.53, which is over 75 times greater than with the

control washing procedure.

4.3.5 Detection of synthetic ORF1T with the cap 1 and cap2 oligonucleotide probes in a cold,
membrane-based hybridisation assay.

A cold hybridisation assay was developed to enable the detection of CSSV without modifying the

temperature.
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The synthetic region of interest from the genome of CSSV, ORF1T was spotted on a nylon membrane.
The complementary sequence ORF1TC was also spotted as a negative control. The biotinylated

oligonucleotide probes were added at a concentration ranging from 1ug/mL to 0.48ng/mL (Figure
4.12).

ORFI1T Tug/mL ORF1TC 2pg/mL
< ® ©
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Figure 4.12: Membrane assay in “cold” conditions, performed at 25°C (+/- 3°C) showing a calibration curve of the
biotinylated cap1 and cap2 probes.

Synthetic ORF1T (left rows) or ORF1TC (right rows) were spotted on a nylon membrane and incubated with a decreasing
concentration of biotinylated cap1+cap2 oligonucleotides.
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The intensity of the signal on the membrane was measured and plotted (Figure 4.13). The signal on
the lanes spotted with ORF1T decreased incrementally when the quantity of probe in solution was
reduced. The signal measured at 15.6ng/mL decreased to 6.64% of the value calculated at
31.35ng/mL. Further decrease of the concentration of probe led to a linear diminution of the signal

until it reached a plateau at a concentration of 0.97ng/mL.
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Figure 4.13: Probe calibration signal intensity measurement derived from the “cold” dot blot experiment presented in
Figure 4.12.

The signal measured decreased proportionally to the concentration of biotinylated probe used. Error bars represent the
standard deviation of four measurements.

In order to emulate the interaction between the probe and the viral sequences, a competition assay

was performed with synthetic fragments of ORF1T and ORF1TC (Figures 4.14 and 4.15).

A set amount of ORF1T was spotted on a nylon membrane. The complementary sequence ORF1TC
was spotted on at the same concentration, as a negative control. Both biotinylated probes capl and
cap2 were added on the membrane, together with increasing concentration of either ORF1T or
ORFI1TC. The aim of the experiment was to evaluate the ratio of ORF1T and ORF1TC in solution

necessary to inhibit the signal produced by the probes. ORF1T or ORF1T+ORF1TC were added either
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at the same concentration than capl and cap2 orin 2, 10, 50 or 100-fold in excess. As a positive control

and a reference, a lane was incubated with only capl and cap2.

ORFIT 1pg/mL ORFI1TC 1ug/mL

Ratio cap1+cap2/ORFIT

1:10

1:50

1:100

Control cap1+cap2 onl

Control no probe

Figure 4.14: Membrane competition assay in “cold” conditions.

Synthetic ORF1T (left rows) or ORF1TC (right rows) were spotted as four replicates on a nylon membrane and incubated
with either biotinylated cap1+cap2 oligonucleotides and synthetic ORF1T at a range of concentration or with biotinylated
capl+cap2 oligonucleotides and synthetic ORF1T and the synthetic ORF1TC at a range of concentration to determine the
concentration required to inhibit the signal generated by the biotinylated probes visible in the control capl+cap2 only
lane.

The signal produced by the biotinylated capl1 and cap2 oligonucleotide was inhibited by adding ORF1T
in solution with the probes. The signal increased when ORF1T was two times in excess compared to
the probes. At ten times in excess, the signal was 4.19% of the control, 5.91% for fifty time in excess

and 5.14% for hundred times in excess.
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Adding ORF1TC with ORF1T in solution resulted in a slower decrease in the signal produced by the
probes. When the extra oligonucleotides were added at the same concentration as the probes, the
signal was reduced to 51.6%. For two times in excess, the signal was 32.84% of the control, 13.91% for
ten times excess, 7.13% for fifty times and 7.11% for a hundred-time excess synthetic target and

complementary sequence.
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Figure 4.15: Membrane competition assay signal in “cold” conditions intensity measurement derived from Figure 4.14.

The signal generated by the binding of the biotinylated capl+cap2 oligonucleotides to synthetic ORF1T or ORF1TC was
measured using a Li-Cor Odyssey imaging system. Error bars represent two standard error of the mean of four replicates.

The combination of ORF1T and ORF1TC required a higher concentration to inhibit the signal from the

biotinylated probes.

The signal-to-background ratio varied from 3.85 to 36.09 for the lanes were ORF1T was spotted. In

comparison, the signal on the lanes where the negative control ORF1TC was spotted varied from 1.91

to 7.55.
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4.3.6 CSSV competitive, cold, membrane-based hybridisation assay using T. cacao leaf
extracts.

The competitive assay was repeated with extracts from CSSV-infected T. cacao DNA samples (Figure
4.17). The DNA was prepared using the NaOH method, where the plant leaf samples are ground with

sterile sand in sodium hydroxide then introduced in the commercial DNA extraction kit (Figure 4.3).

Oligonucleotide spotted
100ng ORFIT 50ng ORFIT 100ngORFI1TC

CSSV+
extracts

CSSV-
extracts

Figure 4.16: Membrane competitive hybridisation assay in “cold” conditions with T. cacao extracts.

Synthetic ORF1T and ORF1TC were spotted on a nylon membrane. Extracts from CSSV positive or negative T. cacao extracts
were mixed with the capl and cap2 biotinylated probes, incubated on the membrane with streptavidin-peroxidase and
imaged using a Li-Cor Odyssey imaging system. The signal was successfully inhibited in the CSSV positive extracts. Colours
were inverted compared to those in Figures 4.12 and 4.14.

The signal produced on the membrane incubated with CSSV positive samples was lower than the signal
measured on the membrane incubated with CSSV negative samples (Figure 4.16 and 4.17), for both

concentrations of spotted ORF1T tested.
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Figure 4.17: Competitive “cold” hybridisation assay with T. cacao extracts signal measurement derived from Figure 4.16.

The signal produced by the biotinylated cap1 and cap2 oligonucleotides was inhibited when using CSSV positive extracts.
Error bars represent the standard error of measurements of three replicate spots for ORF1T. ORF1TC was spotted in
duplicate.

Samples containing the extracts and probes did not produce a signal on the spot containing ORF1TC.

4.3.7 Cold hybridisation assay in solution with T. cacao extracts.
4.3.7.1 CSSV-infected T. cacao leaf samples.

Kit extracted T. cacao DNA samples were mixed with biotinylated capl and cap2 and
incubated with sodium hydroxide at RT for five minutes. Samples were then neutralised with acetic
acid, diluted with B/W buffer, and incubated with SA-MP. Eluates from SA-MP were used as a template
gPCR amplification targeting both T. cacao and CSSV markers. Extracts not incubated with the SA-MP

were added as a control reaction (Figure 4.18).
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Figure 4.18: Sodium hydroxide mediated annealing of the cap1 and cap2 oligonucleotide probes.

Whole DNA extracts from CSSV-infected T. cacao samples were treated with sodium hydroxide, incubated with the
biotinylated oligo cap1 and cap2, detected with SA-MP and amplified by qPCR in triplicates. Controls qPCR reactions were
ran using either CSSV positive or negative T. cacao extracts with no prior incubation with the SA-MP.

No amplification was observed in the samples targeting the SSR from T. cacao. In contrast, two out of
three samples targeting CSSV produced Ct values of 17.37 and 17.17, corresponding to 5.23 and

6.27x10° copies amplified, respectively.

4.3.7.2 CSSV-infected T. cacao phloem extracts.

SA-MP were incubated with two types of phloem extracts mixed with biotinylated capl and

cap2 and a gPCR was performed on the eluted fractions from the particles (Table 4.6).

Magnetic particles were added to the phloem extracted from branches macerated in either deionised
water, 25mM sodium hydroxide or 1M NaCl solutions prepared in section 4.2.1.2.1. Two branches, a

young branch and an older one, based on morphological characteristics, were selected on tree “61”.
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Table 4.6: SA-MP detection of CSSV and T. cacao from phloem macerated in several extraction solutions.

Younger branch Older branch
di H20 NaCl NaOH di H21 NaCl NaOH

Amplified T.cacao | 7 41g.01 N/A 2.04E+02 N/A N/A 7.84E+02
copies
Amplified CSSV 6.11E+02 N/A 1.87E+03 N/A N/A 1.23E+04
copies

8.34E+00 N/A 9.24E+00 N/A N/A 1.67E+01
Ratio CSSV/T. cacao

On the younger branch, 6.11x10? copies of CSSV were amplified in samples extracted in deionised
water on average. 7.41x10! copies of T. cacao were detected on average in the same samples. The
average ratio was 8.34. Samples extracted in 1M sodium chloride did not produce detectable
amplicons. Samples from the younger branch extracted in 25mM sodium hydroxide produced

1.87x10° copies of CSSV and 2.04x10? copies of T. cacao on average for an average ratio of 9.24.

Samples extracted from the maceration of the older branch produced a qPCR detectable amplicon
only with the sodium hydroxide extracts. 1.23x10* CSSV copies were detected on average and 7.84x10?

copies of T. cacao were measured on average. The average amplified CSSV/T. cacao copies was 16.69.

Biotinylated capl and cap2 were also incubated with phloem extracted directly from the trees, as

described in section 4.2.2.2.2., retrieved using SA-MP and amplified by qPCR (Table 4.7).

Table 4.7: SA-MP detection of CSSV and T. cacao from phloem sampled directly from T. cacao branches in deionised water.
The calculated copies are derived from the average of three qPCR replicates from a single extraction.

Tree "61"

Tree "8" Tree "10"

Branch 1 (bottom) Branch 2 (top)
Amplified 7. cacao
R 5.51E+01 3.59E+01 1.44E+02 | 8.55E+00
copies
Amplified CSSV 3.30E+03 3.75E+02 9.00E+02 | 1.07E+03
copies
Ratio CSSV/T. cacao 5.99E+01 1.05E+01 6.27E+00 | 1.25E+02
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Two tubes were placed on tree “61”. The average copies of CSSV amplified from the first branch near
the base of the tree was 3.3x10%. Amplification of the T. cacao marker yielded 5.51x10? copies. The
ratio was 5.99x10' on average. On the second branch located at the top of the tree, 3.75x102 copies
of CSSV were detected by the particles together with 3.59x10? copies of T. cacao. The resulting ratio
was 5.73 lower compared to the other branch, at 10.46. On tree “8”, 9x10? copies of CSSV were
detected on average and 1.44x10? copies of T. cacao. The ratio CSSV/T. cacao was 8.41. An average of
1.07x10° CSSV copies were amplified in the sample from tree “10”. 8.55 copies of T. cacao were

detected in the same sample, yielding a CSSV/T. cacao ratio of 1070.

4.4 Discussion and conclusion.

A simple, cost effective CSSV DNA extraction method from T. cacao leaves was developed and
compared to a standard, commercial kit procedure. The method tested used a simple mechanical
grinding step using sterile sand and chemical tissue disruption using 200mM sodium hydroxide. For
testing the extraction efficiency by gPCR amplification, samples were then cleaned up using the last
steps of a commercial kit. Undiluted eluates produced with the Fast method did not produce an
amplification signal, unlike the extracts produced from the commercial kit (Figure 4.5). This was
possibly due to the presence of inhibitory substances from the plant in the eluates. PCR is a sensitive
technique that relies on the enzymatic action of the DNA polymerase, which is affected by a range of
physicochemical factors. Plant samples are known to produce PCR inhibitory chemicals such as
polyphenol compounds, polysaccharides, or humic acid (Lopez et al., 2008). This hypothesis was
confirmed by the gPCR results with the thousand-fold dilutions of the extracts. The measured Ct values
were on average slightly lower with the Fast method to those obtained with the standard kit method,
showing that the target DNA was in higher concentration in samples extracted with that procedure.
In summary, extracted CSSV DNA was of better quality with samples from the commercial kit, but the
short sodium hydroxide procedure extracted higher quantity of DNA. The Fast method could therefore

be used as procedure to obtain CSSV DNA samples for using in an enzyme-independent assay. The
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grinding in sodium hydroxide step could be adapted to fit a field use by replacing the microcentrifuge
tube with purposedly designed pouches containing the sodium hydroxide lysis solution and the sterile
sand. The company Agdia (Agdia, 2023) supplies lateral flow plant pathogen assay test with extraction
bags containing a specially formulated buffer. Plant leaf samples are added to the pouch that is lined
with a mesh structure. Cellular content of the plant is extracted by macerating the sample in the pouch
and applying pressure using a blunt object such as a pen or a marker through the lining. A similar

system could be applied to T. cacao leaves to extract the DNA of CSSV.

Extracting CSSV directly from phloem is not currently an established method but could have useful
application in the detection of CSSV in T. cacao. Direct assessment of stems could be a useful tool for
quarantine studies with current methods still involving grafting on CSSV sensitive material and
assessment of symptoms after 3 months confirm with PCR from leaves extract (Ullah et al., 2021). In
the context of a field biosensor, a requirement in the design of the extraction method is the simplicity
of the procedure and its cost effectiveness. The formulation of the extraction solutions from branches
was developed with these prerequisites in mind. The first method used calibrated sectioned branches
from T. cacao trees that were macerated in either deionised water, sodium hydroxide or sodium
chloride solution with the aim to collect all the virus present in the sample (Table 4.4). The second
method involved extraction directly from the trees using sectioned tubes containing deionised water
attached to the branches (Table 4.5). These chemicals are relatively inexpensive reagents. Besides,
extracting the samples with sodium hydroxide would allow to influence the denaturation of the DNA
and enable to use the preparation directly with the cold hybridisation assay. Using a concentrated
sodium chloride solution aimed at creating a differential in osmotic pressure to accelerate the exit of
the sap from the phloem. gPCR using samples extracted in sodium chloride were however negative
for both CSSV and T. cacao, suggesting that either no material was extracted or that the PCR was
inhibited (Table 4.4). Salts are known PCR inhibitors and can affect the DNA polymerase from a
concentration as little as 40 mM, depending on the enzyme (Davalieva and Efremov, 2010). It is
possible that the sodium chloride was not thoroughly eliminated during the extraction step and
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subsequently interfered with the gPCR. In contrast, the highest CSSV copy number was achieved from
the samples macerated in deionised water, which produced 2.61 times more copies than with the
sodium hydroxide extraction. Furthermore, the T. cacao copy number measured within these samples
was also the lowest, resulting in a CSSV/T. cacao ratio 25.58 times higher than with sodium hydroxide,
which makes deionised water a suitable candidate for CSSV extraction from branches. This is the first
evidence of detection of CSSV from stems in T. cacao. Besides, when extracting sap directly from
branches, the variability of copy numbers observed between samples from the same tree was high
which suggest differences in virus load across the tree (Table 4.5). This could be caused by
experimental variation from the volume of phloem collected across branches but could also indicate
true differences previously observed when testing different leaves from the same tree. For example,
the difference in CSSV copy number between the lowest and highest averaged qPCR replicates from
tree “61” was 12.76. Movement of CSSV within T. cacao is currently not well characterised and it has
been hypothesised that the virus can form vesicles (Allainguillaume, J., personal communication) using
plant lipids that would transport its non-enveloped DNA and ultimately spread the infection within
the tree. Higher levels of CSSV obtained from SA-MP on crude phloem samples in water compared to

sodium hydroxide suggest that CSSV travels through the vascular tissue as DNA and not in capsid.

While the quantity of viral DNA collected from the phloem may not be compatible with an
amplification-independent biosensor, it is still valuable to know that the virus can be extracted directly
from branches. Both phloem sampling procedures were simple and did not require complex
equipment, and the amount recovered can be detected by PCR. Having a methodology to sample
phloem from calibrated sections of branch, enabling the quantification of the virus load at any given
location on the tree is therefore a beneficial tool to understand the physiopathology of CSSV. Besides,
the sap collection procedure could be potentially improved by using the EDTA-facilitated exudation
method. This method, developed in 1974 (King and Zeevaart, 1974) aims at enhancing the
accumulation of sap by preventing the self-repair mechanisms (Oparka and Santa Cruz, 2003) from
the plant consecutive to the wound generated at the point of sampling.
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The ability of a set of biotinylated oligonucleotides targeting several loci within the genome of CSSV
were tested using a pull-down assay. DNA extracted from leaf samples were incubated with the
biotinylated probes, then streptavidin-coated magnetic particles were used to retrieve the DNA
captured by the oligonucleotide assembly. All probes tested were successful in detecting the virus,
using either samples from leaves or from phloem extracts. Using the pull-down assay, it was possible
to enrich the original extracts several thousand-fold, under certain washing and annealing conditions
(Figure 4.11). It was however noticeable that if the reaction parameters were not set precisely,
unspecific binding of DNA can occur, as demonstrated by the calculated ratio amplified CSSV/T. cacao
copies (Figure 4.10). Interestingly, capl and cap2 returned no hits when NCBI blast search were
performed on T. cacao genome, unlike the probes 2143R0I and 2143ROIC, that were found in chapter
2 to bind to both the virus and the tree. It is possible that a portion of the DNA from both organisms
interacted with the SA-MP directly in a non-specific manner, rather than with the probes. This was
verified when the stringent wash procedures were introduced, which resulted in hundred- or
thousand-fold increases in the detected virus/plant copies ratio (Figure 4.11). The pull-down assay
was here utilized to prove that the oligonucleotides selected were able to bind to CSSV extracted from
plant samples and the results obtained proved that the oligonucleotides could bind to the virus more

specifically.

A membrane-based cold neutral hybridisation assay depending on the binding of the biotinylated
probes capl and cap2 to CSSV was developed (Figure 4.12). The aim was to provide the foundation
for the biological recognition element of a biosensor to detect CSSV. The oligonucleotides were first
proven to bind specifically and, in a dose-dependent manner, to the synthetic region of interest from
the virus. A competition assay was then designed. The assay relied on the signal generated by the
binding of single-stranded, virus specific oligonucleotides, capl and cap2, in solution to a single-
stranded synthetic region of interest from the genome of CSSV, ORF1T, spotted on a membrane. A
competition assay wherein this signal is inhibited by adding increasing amount of ORF1T in solution
was successfully implemented. Using synthetic nucleic acid, it was found that the signal was decreased
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by more than 90% when the targeted region and its complementary sequence in solution was a
hundred-fold in excess compared to the spotted region of interest. Similarly, the signal was reduced
by more than 60% when both competing oligonucleotides were two-fold in excess in solution,
demonstrating that the signal reduction was dose-dependent (Figures 4.14 and 4.15). In chapter 3, a
high-resolution melt analysis model was developed to investigate the interaction between capl, cap2,
ORF1T and ORF1TC. The four nucleotides were mixed either in equimolar proportions or with
decreasing ORF1TC concentrations. It was then found that a difference in the melting profile could be
observed starting from a two-fold dilution of ORF1TC, and the profile gradually shifting to the curve
shape comparable to the control containing ORF1T and ORF1TC alone when ORF1TC was diluted fifty
times. The results observed in the competitive assay confirms that the displacement of the

ORF1T/ORF1TC equilibrium can also be measured using a membrane-based procedure.

The membrane assay was then performed with T. cacao whole extracts and signal inhibition was
observed with infected samples but not with PCR-confirmed CSSV-free extracts. Using either 50 or
100ng of spotted ORFIT, the signal produced by the capl and cap2 biotinylated probes was
successfully inhibited (Figure 4.16 and 4.17): this indicated that a portion of the labelled cap1 and cap2
probe bound to the viral sequences from the samples and not on the synthetic ORF1T spotted on the
membrane. One of the challenges from using the biotin system with the nylon membrane was
inconsistent background signal. Patchy unspecific signal was observed in several instances, causing
variability that was detrimental to the quality and consistency of the measurements. It would be
beneficial to further improve both the blocking and the washing procedure, by testing several blocking
agent and formulation of washing buffers(Heda et al., 2020). Besides, the sensitivity of the assay could
be increased by using fluorescent oligonucleotides in place of biotin. Preliminary work was undertaken
to either using capl and cap2 labelled with the ATTO fluorophore, or by using a self-assembled

“Christmas tree” scaffold of cap1 to generate an amplified signal.
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A variation of the pull-down assay using sodium hydroxide was conducted using plant extracts (Figure
4.18). Sodium hydroxide was added to a mix of CSSV-infected T. cacao extracts and the biotinylated
probes with the aim to prove that the chemical would denature the DNA enough to allow the
oligonucleotides to reach their target when the solution was neutralised with acetic acid. SA-MP were
then added to the mixture and a gPCR was run using the eluates. CSSV was amplified in two out of
three replicates, while the nuclear marker from the tree was not. This demonstrated that a solution
of diluted sodium hydroxide can be used in lieu of temperature to enable denaturation of the DNA
and the subsequent hybridisation of oligonucleotide probes to the targeted region. This experiment
confirmed the data obtained in chapter 2, where it was demonstrated that incremental increase in
sodium hydroxide concentration was able to destabilise the capl/cap2/ORF1T/ORF1TC scaffold,
shifting from a double-stranded structure to a single-stranded profile melt (Figure 3.17). Importantly,
the destabilisation could be reverted by neutralising the medium with acid, showing that the action of
the sodium hydroxide, while effective, is not detrimental to the quality of the DNA in this
concentration range. Together with the data from the leaf’s extraction experiments, this proves that
it is possible to first extract the DNA of CSSV using sodium hydroxide, while preparing the sample for

hybridisation with labelling probes in one single step for using in a competitive assay.

Furthermore, the method was tested with phloem samples, obtained either by macerating branches
sections in a range of solutions, or by attaching centrifuge tubes containing deionised water directly
to the infected tree branches (Tables 4.6 and 4.7). The main challenge of using the magnetic particles
was the consistency of the sap. The samples had a gelatinous consistency that impeded the dispersion
of the particles in the sample. In a pull-down assay, SA-MP are usually collected rapidly by placing a
microcentrifuge tube on a magnetic rack. This was not possible with the samples extracted from the
phloem, and the sap had to be incubated with the magnet for 18hours so that the particles would
gather on the wall of the tube. While the copy number recovered from phloem with the SA-MP were
lower than with the Kit extracted leave samples, it was still possible to detect the virus from
unprocessed preparation which indicate that the approach can work on crude extracts. Even if the
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approach is not sufficient to be used as a solely hybridisation detection system, it could enable sole

detection of CSSV as part of a PCR approach, avoiding genomic integrated nonspecific targets.
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Chapter 5 General discussion and conclusions.

5.1 Introduction

Cacao swollen shoot virus is the main threat to the cacao production in west Africa, where most of the
production is occurring. Since the identification of the causal agent more than eighty years ago,
attempts to eradicate the virus have failed. Plans to contain the infection involve cutting the affected
tree and the trees surrounding met little success and the virus is still epidemic in the area. The reasons
for these failures are multifactorial. First, socioeconomical factors of the growers is a key issue. 70%
(Carla Veldhuyzen, 2019) of the growers are subsistence farmers. Governmental compensation may
be delayed and/or not cover all the expenses associated with removing the trees affected by the
disease. Methods to detect the virus on the field primarily rely on visual identification by trained

personnel. While effective, several factors may hamper the timely identification of the virus.

The objective of this work was to develop biological recognition elements of a biosensor to detect
CSSV in the field, together with a simplified DNA extraction procedure and a cold hybridisation assay
to detect the DNA. The overall design of the biosensor was created with two main key requirements.
The biosensor needed to be cost-effective, to fit with the limited resources available in the virus
endemic area, and simple to operate, so that training needs of the personnel involved could be
minimal. At the time of the design of the project, eight genome sequences of CSSV had been published
and no antibodies to the virus were commercially available. In consequence, the genome of the isolate
of the CSSV New Juaben strain maintained at UWE was sequenced de novo and specific BREs were

developed.
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5.2 Review of the results and perspectives for further work

Two biological recognition elements (BRE), or bioreceptors were developed in this thesis. The BRE is a
critical part of a biosensor that acts as an interface between the user and the targeted analyte. The
role of the BRE is to physically bind to a selected biological analyte that is specifically associated with
a condition that the user require to investigate. The biological analytes vary vastly in nature (Loo et
al., 2023), and can be nucleic acids, including DNA, RNA or microRNAs, proteins, ions, or drugs. BRE on
the other hand are either protein-based or nucleic acid-based. For this project, both types of BRE were

developed.

5.2.1 ZFP BRE

The protein-based molecule selected as BRE to detect CSSV in this thesis was a synthetic
chimeral zinc finger protein (ZFP). ZFP are well characterised regulatory proteins with one or multiple
domains each able to bind to a trinucleotide target. In silico models were developed to decipher the
binding alphabet generated by the diversity of zinc finger domains. Online tools enable the generation
of unique proteins potentially able to bind to any DNA molecule. A candidate BRE based on such
protein was produced and characterized in this project with the aim to detect CSSV. A region of
interest within the genome of CSSV was identified and used to screen an online library of ZFP domains.
A gene encoding the candidate ZFP, ZFP2143K, was then selected, cloned, expressed in E. coli, and
purified using immobilised affinity chromatography. The functionality of the resulting ZFP2143K was
characterized by electrophoresis mobility shift assay (EMSA), double filter binding assay (DFBA) and in
a CSSV-infected T. cacao DNA extracts pull-down assay using streptavidin-coated superparamagnetic
particles followed by qPCR. Selection and production of the recombinant protein was relatively easy
to implement, unlike the functionality characterization process, that was longer and required
optimisation of a range of techniques. ZFP2143K was found to detect the targeted CSSV region of
interest, that spanned a region overlapping ORF2 and ORF3 on the genome of CSSV. However, pull-

down assays using kit extracted CSSV DNA showed that the protein was also binding to the T. cacao
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genome. EMSA data also demonstrated that the protein could bind to a DNA fragment containing the
sequence targeted by two of the six domains of the recombinant. The functionality of the protein
could have potentially been improved by removing the hexahistidine tag, that is required for the
purification step, as it may interfere with the three-dimensional structure of the recombinant (Zhao
and Huang, 2016; Chant et al., 2005) which in turn may impact the binding ability of the ZFP. To
investigate further, several strategies could be employed: the hexahistidine tag could be placed on the
N-terminal end of the protein, since the position of the tag may also have an influence on the structure
and the function of a recombinant (Aslantas and Surmeli, 2019; Booth et al., 2018). Another possibility
could have been to use a different tag for purification or use a strategy whereby the tag is removed
after purification. One of the difficulties when choosing a tag is that it is not possible to predict the
impact it would have on the structure and functionality of the protein, either positive or negative, and

this has to be investigated on a case-by-case basis.

In order to optimise the chances to select potential ZFP for biosensing, a strategy could involve
selecting several candidates using cross-referenced data from the online tools available. Concomitant
recent advancements in artificial intelligence and transcription factor genomic data have led to the
development of machine learning models (Ichikawa et al., 2023) able to deepen the understanding of
the mechanistic underlying the interaction of zinc finger protein with their cognate DNA partners.
While primarily developed for integration with gene-editing tools such as clustered regularly
interspaced short palindromic repeats/ CRISPR associated protein (CRISPR/Cas) or Transcription
activator-like effector nucleases (TALEN) (Bhardwaj & Nain, 2021), ZFP designed to bind CSSV specific
sequences are a promising and versatile type of BRE prospect. A mid-throughput ZFP expression
platform could be designed to first screen candidates ZFP in silico based on the viral sequences of

interest (Figure 5.1).
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Figure 5.1: Prospective ZFP design and production workflow.

Alternatively, to an algorithmic-based method, candidate ZFP could also be selected in vitro, using
phage display technology, in which a library of zinc finger proteins cloned into the bacterial viruses
that are able to express the recombinant protein on their surface is screened. Phage display has been
successfully used to select ZFPs (Isalan, Klug and Choo, 2001). When choosing the in silico ZFP selection
procedure, a set of candidates could then be cloned in rapid cloning and expressed in the E. coli
BL21(DE3) cells that were used in this project, as they are adequate to express a range of ZFP from a
variety of organisms (Lenz et al., 2021; Lata, Afsar and Ramachandran, 2017; Qu et al., 2014; Ericsson
et al., 2006; Archdeacon et al., 2000). Solubility of the chimeric proteins would be analysed by SDS-
PAGE (Taylor, Denson, and Esposito, 2017) to select candidates suitable for larger scale production
with the expression system considered. Soluble recombinant ZFP would subsequently be tested for
their functionality, which is their ability to bind to the targeted viral region of interest (Cassandri et
al., 2017; Klug, 2010; Vrana et al., 1988). The key factors to consider are the specificity and the affinity

of the DNA-protein interaction. Theses parameters would require mid- to high- throughput screening.
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As was demonstrated in the current project, EMSA, DFBA and pull-down assays would be too
fastidious for a study of this scale. Amongst the alternative screening methods, protein microarrays
could potentially curb both scale and time constraints. Protein binding microarrays (Berger et al.,
2006; Mukherjee et al., 2004) are high-throughput assays aimed at characterising DNA-protein
interactions. They have been used successfully to analyse the binding of ZFP to transcription factors
(Bulyk et al., 2001; Zeitler et al., 2019). The arrays would feature immobilisation of targeted viral
sequences on the surface of the chip, including variants to either test the affinity of the ZFP candidate
affinity spectrum towards a particular CSSV sequence or a range of specificity towards CSSV isolates.
Washes would remove unspecific interaction, and a fluorescent-modified antibody targeting a tag
introduced on the recombinant ZFP would allow the measurement of the strength of the interaction
between DNA and protein. Bulyk et al. (Bulyk et al., 2001) were able to correlate the fluorescence
measured with the equilibrium dissociation constant (Kd) of the proteins, which informs about the
suitability of the ZFP for detecting the virus. Atomic force microscopy (AFM) could be used as a second
line of characterisation of the interaction between the protein and the DNA. The technique is based
on a microcantilever attached to a spring mechanism. Biological analytes are absorbed at the tip of
the cantilever. Upon binding of the analyte to its ligand, a tension is created in the cantilever that can
be measured through a laser beam reflecting on a photodiode (Johnson, Hilal, and Bowen, 2009). AFM
allows to visualise the interaction of the two biological molecules and can also provide parametric
information such as dissociation constants (Yang, Wang, and Erie, 2003) that are of particular interest
to characterise a biological recognition element. This technique has been used (Mawhinney et al.,
2018) to characterise the binding of the CTCF transcription factor, a eukaryotic eleven zinc finger
domains protein involved in several cellular processes such as chromatin architecture regulation or
transcriptional activation (Kim, Yu and Kaang, 2015), to its cognate DNA sequence. While AFM may
not be adapted to screen multiple ZFP, it could be used on a pre-selection of protein. Furthermore,
efforts are made to increase the analytical capabilities of AFM, and novel multiplexed instruments

using arrayed cantilevers are in development (Yang et al., 2019) and could offer an interesting means
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to study the binding abilities of several selected variants of DNA target simultaneously. Candidate ZFPs
with adequate functional performances could then be brought to the next step of the process, which
is testing the protein with live samples within the biosensing platform. Interestingly, Kim (Kim et al.,
2011) found that the association of ZFP with the highest affinity does not necessarily result in the
highest sensitivity in a live assay. This is due to the complex interaction between these DNA-binding
proteins. Therefore, deployment of a set of ZFP able to bind to the targeted viral sequence with a
range of affinities as determined by the microarray/AFM would be highly beneficial to select an

optimal combination of protein BREs.

Interestingly, a zinc finger motif has been commonly described in many badnaviruses (Sharma, Kumar,
and Baranwal, 2014). As an alternative to artificial ZFP, an internal peptide containing a gag-knuckle
domain was identified during this project in the genome of CSSV by in silico analysis of the strain
available at UWE. The peptide was commercially synthesized and analysed by circular dichroism (CD)
at the university of Bristol to analyse its three-dimensional structure. EMSA were carried out using the
peptide with fragments of CSSV to identify potential interactions, but none could be evidenced in the
conditions tested (data not shown). It could be interesting to identify the cognate partner of this
peptide to improve our knowledge of the pathogenicity mechanism associated with CSSV infection.,
since gag-knuckle domains may be involved in nucleic acid binding (Krishna, Majumdar and Grishin,
2003b). Furthermore, the peptide could be used as a BRE, providing that the cognate partner of the

peptide is a viral element, either a protein, another peptide, or a nucleic acid.

5.2.2 DNA BRE

The second class of BRE developed in this project were nucleic acid fragments derived from
the genome of CSSV. The whole genome sequence of the isolate of CSSV used in this study was
amplified by PCR using eighteen primer pairs to produce overlapping fragments. Amplified fragments
were analysed by agarose gel electrophoresis, excised from the gels, purified, and sent off-site for

Sanger sequencing. This step was not challenging and provided a framework to design a DNA biological
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recognition element to detect CSSV. Using DNA molecules as the BRE of a biosensor presents
considerable advantages. First, production of short nucleic acid probes is cost effective, which is a key
factor when resources are of importance. Besides, they are easy to produce, allowing fine tuning of
the spectrum of sequences targeted conveniently: CSSV isolates circulating in west Africa exhibit
genetic variability associated with different degree of pathogenicity (Muller et al., 2018) and being

able to rapidly adapt to the variants of interest is crucial.

The interaction between the oligonucleotides composing the DNA BRE was analysed by high resolution
melt analysis (HRM). HRM is usually utilised for the genotyping of DNA polymorphisms. Here, it was
used to model the interaction of oligonucleotide probes to develop cold hybridization assays. HRM
experimental data produced in this project were reproducible and accurate to determine the strength
of the binding between the probes and the targeted viral region. HRM confirmed a dot blotting assay
which showed that the bond between the cap1 probe and ORF1T was stronger that between cap2 and
ORF1T. Melting curves were established for each combination of oligonucleotides and were well
replicated within the runs and in between runs. Furthermore, the Rotor-Gene Q permitted the analysis
of sodium hydroxide-mediated fragment denaturation. Preliminary fluorescent quantification
experiments using the instrument demonstrated that exposure to sodium hydroxide was not
detrimental to the fluorescent Syto9 dye use in the tests at the concentration tested (data not shown)
and differences in the concentration of sodium hydroxide correlated with modification in the
thermostability of the double stranded fragments. HRM experiments also showed that fragments
denatured with sodium hydroxide and renatured using acetic acid would exhibit the same melting

temperature than fragments not exposed to the chemicals.

5.2.3 Cold hybridisation procedure
HRM data suggested that a “cold” hybridization, that relies on chemical rather than
temperature to manipulate the structure of double stranded DNA fragments was feasible. Biosensors

relying on DNA hybridisation have been developed for a range of detection purpose. Opting for a DNA
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hybridisation-based assay was in part dictated by the cost requirements of the biosensor developed
for this project. While PCR is a faster method, it comes with higher costs, and could produce false
positive results when detecting CSSV from infected T. cacao plants because of the presence of
integrated viral sequences in the tree (Muller et al., 2021b). The recent discovery of the existence of
CSSV-related sequences integrated with T. cacao genome was an essential finding in the
understanding of the detection of the virus. Inadequate selection of the DNA-based BRE could indeed
result in false positives detections, impeding the success of containment of a CSSV infection in the

field.

Furthermore, hybridisation assays have been found to perform as well or better than PCR methods
for the detection of pathogens in some cases (Potter, Nakhla, and Maxwell, 2003; Scaletsky et al.,
2002). For these reasons, a membrane hybridisation strategy was chosen for developing a CSSV
biosensor. In this project, the eighteen hours-long probe/target incubation time usually associated
with DNA hybridisation assays was shortened by developing a so called “cold” hybridisation assay
whereby denaturation/renaturation of the DNA is manipulated using chemicals rather than
temperature. A range of chemicals can be used to influence DNA denaturation: dimethyl sulfoxide
(DMSO)(Xu et al., 2022), formamide (Blake & Delcourt, 1996) or sodium chloride (Rizzi et al., 2017) all
interfere with DNA structure and the melting profiles of the double-stranded molecules. The alkali-
induced DNA denaturation used in this project has been previously demonstrated (Ageno, Dore and
Frontali, 1969b) and presented the advantage of doubling as a DNA extraction agent, to simplify the
biosensing procedure. Experimental data gave strong indication that an alkali induced denaturation
of the samples could be used instead of temperature modification for modifying the structure of the
DNA of CSSV. Sodium hydroxide (NaOH) treated CSSV-infected T. cacao kit extracts were successfully
detected by the capl and cap2 oligonucleotides probe using streptavidin-coated paramagnetic
particles (SA-MP) and qPCR, while T. cacao’s DNA was not. Furthermore, it was possible to detect CSSV
from crude NaOH extracts samples from vascular tissues of the tree using the oligonucleotide probes
captured by the SA-MP. This demonstrated that sodium hydroxide can be used for denaturing the DNA
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of CSSV and hybridising an oligonucleotide probe without relying on temperature modification. The
“cold” hybridisation assay that was developed in this project using HRM was tested successfully on
synthetic single stranded probe and target DNA, and on CSSV-infected T. cacao extracts using the
“NaOH method” (sodium hydroxide lysis followed by a kit column clean-up). Because of time
constraints, it was not possible to test crude extracts with this hybridization procedure. Further work
is therefore required to validate the assay fully. Interestingly, the DNA used in the “cold” competition
used T. cacao extracted with the “NaOH procedure” and was not heat-denatured. Nevertheless, a
difference between CSSV positive and negative samples was observed, regardless of the quantity of
ORF1T target spotted (Figure 4.16) which suggests that the detection probes capl and cap2 were able
to access the complementary sequence to ORF1T within the genome, inducing a reduction of the
signal in the CSSV positive samples compared to the CSSV negative samples. For the probe to bind to
the viral sequence, the DNA of CSSV must be single stranded. At this stage, it is difficult to explain the
presence of single stranded DNA in the samples. This could be due to the sodium hydroxide introduced
during the extraction and would imply that the column clean-up step did not enable renaturation of
the DNA. Alternatively, it is possible that CSSV DNA is present as a single stranded molecule in the
leaves of infected T. cacao, which is suspected but has not been formally demonstrated
(Allainguillaume, J., personal communication). This hypothesis is supported by the cold hybridisation
performed with crude extracts from vascular tissues of T. cacao. Two types of extraction were carried
out: one using calibrated sections of branch from the tree macerated in either deionised water, a
solution of sodium chloride or a solution of sodium hydroxide; the second using tubes connected
directly to a live tree to collect the sap in deionised water. The capl and cap2 probes were added to
the samples with no other treatment and incubated at room temperature. SA-MP were then added
to the samples and recovered using a magnet. Subsequent PCR on the SA-MP eluates were able to
detect CSSV on all samples analysed, except for the sodium chloride extracts where no amplification
was observed. Hybridisation of the capturing probes in samples extracted in deionised water suggests

that CSSV DNA was present as a single stranded molecule. This has important implications for the
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further development of the assay to be included in a CSSV biosensor, since prior denaturation of the
samples may not be necessary. Deepening the knowledge of the pathophysiology of the CSSV infection
would be useful to determine the proportion of single to double stranded DNA molecules in an

infected tree throughout the course of the disease.

5.2.4 Extraction methods

Extractions methods were designed with the same requirements as the assay. The procedure
had to be cost effective and relatively simple to accommodate the technical limitations of a use in the
field. One of the first methods tested for this project was inspired by the work of lkeda (lkeda et al.,
2012), that developed a fast method to extract DNA from rice leaves for a subsequent PCR
microsatellite analysis. The procedure consists of immersing “a few pieces” of leaves in a
microcentrifuge tube in Tris-EDTA (TE) buffer, grinding with a disposable pipette tip, placing the tube
in boiling water for 15 minutes, diluting in more TE buffer, centrifuging the cellular debris, and using
the supernatant as a PCR template. The procedure was applied to T. cacao leaves, but the PCR was
negative (data not shown). It was found during this experiment that T. cacao leaves were resistant to
the disposable pipette tip grinding procedure. Indeed, T. cacao leaves are leathery and in the
subsequent experimentations, a sterile sand grinding step was added to provide sufficient mechanical
force to destabilise the tissue structure. The combination of sodium hydroxide with sterile sand could
consistently extract the DNA from CSSV from the leaves of the tree. The yield of the extraction was
compared to standard kit method. Several variations of the kit method were tested. All these methods
started with a liquid nitrogen lysis of the leaf sections, followed by incubation with RNase A and for
some variation of the procedure with proteinase K, a broad-spectrum serine protease of the family of
the subtilisins (Saenger, 2013) that destabilises the cellular structure, and ended with the detergent
lysis provided by the kit. These procedures were used as a golden standard of extractions, aiming at
extracting as much DNA as it was possible. The “fast method” developed to produce sodium hydroxide
denatured T. cacao/CSSV DNA extracts compared to the golden standard methods (Table 4.3) and
could be envisaged as a routine extraction method to produce samples for CSSV detection.
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Furthermore, titration experiments were performed to measure the quantity of acetic acid required
to neutralise sodium hydroxide solutions. The titration measurements were then transposed to
evaluate the quantity of acetic acid to add to samples containing synthetic ORF1T and ORF1TC. The
pH of the neutralised solution was then verified by blotting drops of the solution on pH indicator and
verifying the calculation of the titration. This would be useful for designing the procedure of

renaturation destined for a biosensing kit in the field.

Absolute quantification of CSSV in the extracted samples was challenging first because no calibrated
standards are commercially available yet and also because the extractions employed sodium
hydroxide to produce crude samples, that contain a range of plant biochemicals with some such as
polyphenols or acidic polysaccharides known to interfere with PCR (Rezadoost, Kordrostami and
Kumleh, 2016; Demeke and Jenkins, 2010) which is used for quantification. Using a quantification
technique, gPCR, potentially hampered by the chemical used or produced during the extraction
development was an issue. Samples were therefore diluted and quantified indirectly by comparing

with extracts obtained from commercial kit extraction methods.

As an alternative to leaf samples, this project demonstrated that CSSV could be extracted from T.
cacao vascular tissues. CSSV was recovered from calibrated branch sections, or from sap exudates
directly collected from the tree in a centrifuge tube. So far, CSSV has been detected by PCR from leaf
samples (Muller, Jacquot and Yot, 2001; Jacquot et al., 1999), pollen (Ameyaw et al., 2013) and seeds
(Length, 2010; Quainoo, Wetten and Allainguillaume, 2008) but not from vascular tissue. This result
has implications for the CSSV quarantine procedure. The current protocol involves grafting a branch
of the suspected tree to a PCR-confirmed CSSV negative tree and waiting for the symptoms to
eventually appear on the grafted tree. This procedure is complex and lengthy, and being able to screen
samples directly using biotinylated oligonucleotide probes and magnetic particles would simplify the
method and represent a significant saving of time. The data from chapter 4 (Table 4.4 and 4.5)

demonstrated that CSSV was detected on infected trees 61, 10 and 8. Preliminary data (Table 4.5)
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suggested that different quantities of the virus were detected depending on the branch sampled; it
would therefore be advisable to sample several areas of the tree to maximise the chances of detection.
Besides, the method where sap exudate was collected was not optimised during this project, because
of time constraints. Indeed, cutting a branch elicits a response from the tree, and repair mechanisms
are put in place to preserve the integrity of the organism, such as callose synthesis, whereby callose,
a B-1,3-glucan polysaccharide, is deposited on the cells wall of wounded tissues (Chen and Kim, 2009),
or P-protein plugging, where proteins from the phloem form aggregates in the sieve plates of the tree,
to prevent further sap loss (Azizpor et al., 2022). These mechanisms are put in place rapidly upon
sectioning of the branch and it is probable that the collection of T. cacao sap using deionised water in
this project was not optimal. A range of chemicals have been used to optimise sap collection, such as
citric acid, B-aminoethyl ether and EDTA(King and Zeevaart, 1974). EDTA, by chelating divalent metallic
anions, can prevent the self-repair mechanisms (Dinant et al., 2010) and allow collection of sap for a
prolonged period while inhibiting nucleases that could compromise the integrity of the nucleic acids
recovered. The main experimental challenge encountered while processing the sap exudate from T.
cacao was the viscous consistency of the samples, that was apparent during collection of the sample
(Figure 5.2, left). This was an issue when using the magnetic particles because the viscosity of the

samples greatly hampered their dispersion in the samples (Figure 5.2, right).
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Figure 5.2: (Left) CSSV-infected T. cacao exudate collection from a sectioned branch showing the viscosity of a
representative sample. (Right) Streptavidin-coated superparamagnetic particles cushion formed by the viscosity of the sap
exudate sample.

Dilution of the samples and vigorous mixing eventually permitted the dispersion of the particles,
however their collection using a magnet was difficult, and while usually a rapid process, this step
required an incubation of several hours. A protease/hydrolases treatment prior to incubation with the
SA-MP could improve the fluidity of the samples by degrading the protein and polysaccharidic fraction
of the samples responsible for the excessive viscosity. The sap exudate collection for screening tree
samples during quarantine procedure could be further developed. Sap extraction devices have been
constructed previously for the analysis of the vascular tissue content of wheat(Veselova et al., 2006)
or cucumber (Li et al., 2022), with a difference in the quantity and quality of the analytes recovered
with the instrument compared to the EDTA collection. A procedure adapted to T. cacao could be
designed whereby a puncture device such as needle pre-treated with EDTA to prevent protein-G
coagulation is connected to a pump and introduced in the vascular tissue of the trees, at distinct
locations, to collect the sap into a centrifuge tube. The tube could be detached, and the sap diluted in
a specifically formulated applied onto the surface of a filter spotted with anchoring oligonucleotide
specific to CSSV using a syringe. Filters could then be hybridised with a detection probe to visualise

the presence of the virus directly.
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5.3 Biosensor integration.

Extractions methodologies, two types of BREs and a competition assay were developed for the design
of biosensor detecting CSSV during this chapter. The next step would focus on the reporting system,

to visualise and quantify the presence of the virus.

The nucleic acid hybridisation was visualised using biotinylated oligonucleotide(s) and a conjugate
streptavidin-horseradish peroxidase for detection with a chemiluminescent substrate using a Li-Cor
imaging system. While this system is fast, sensitive, and safe for laboratory use, it cannot be
transposed to a field context. Preliminary work was undertaken to replace the biotin-labelled
detecting oligonucleotide probe with an ATTO-modified probe. ATTO dyes are photostable fluorescent
markers (Sun et al., 2022) that can be attached to oligonucleotides and be detected by photoelectric
sensors. No differences were observed between CSSV-negative and -positive samples and background
signal hindered the data collection. Because the sensitivity of the assay is a crucial requirement of this

biosensor, the detection strategy could rely on signal amplification instead of amplifying the targets.

Such an approach was initiated at the end of this project and DNA origami-based probes were
constructed. DNA origami is a technique invented in 2006 (Rothemund, 2006) that enables creation
of DNA superstructures (Bush et al., 2020; Sacca and Niemeyer, 2012) that relies on the self-assembly
properties of the DNA molecule to build scaffold assembly of several thousands of nucleotides (Chen
et al., 2018). The rationale for the design of such a scaffold was to increase the signal generated by
the detection probes. It was hypothesized that combining nucleotide monomers capable of self-
assembly with fluorescent probe(s) would result in a “Christmas tree” type signal amplification
(Fahrlander & Klausner, 1988). Unfortunately, the attempts were unsuccessful and could not be
pursued further due to lack of time available. This is however a potential avenue to generate a signal
from the hybridisation of CSSV since DNA-based probes and biosensors have been developed using
DNA origami previously (Wang et al., 2020). Also, DNA origami nucleotides are inexpensive which is

an important parameter in this project. CSSV extracts could therefore be analysed by a competitive
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hybridisation assay using DNA origami-constructed fluorescent probes and detected with a

photoelectric sensor module.

Alternatively, a visible light optical detection strategy could be selected, to reduce the production
costs of the biosensor further. Metallic nanoparticles (NPs) have been used with success thanks to
their improved sensitivity and affordability (Song, Wei, and Qu, 2011; Stewart et al., 2008; Soper et
al., 2006) to capture the DNA from pathogen using nucleic acids as biological recognition elements. In
particular, gold NPs have been used to detect a range of virus such as influenza (Le et al., 2017),
hepatitis B virus (Lu et al., 2013), herpesvirus (Mancuso et al., 2013), and human papillomavirus
genotype 16 and 18 (Kumvongpin et al., 2016). Silver nanoparticles (AgNps) combined with a peptide
nucleic acid (PNA) probe were the basis for optical detection of a multiplexed paper-based biosensor
targeting Middle East respiratory syndrome—related coronavirus, mycobacterium tuberculosis, and
human papillomavirus A (Teengam et al., 2017) (Figure 5.3). Utilising metallic NPs resulted in limits of
detection (LOD) ranging from as little as thirty virions, corresponding to 10 fg of the DNA of the
cyprinid herpesvirus-3 targeted (Saleh and El-Matbouli, 2015), 10 copies for human papillomavirus

genotype 18 (Kumvongpin et al., 2016), and 0.12 uM of DNA of the dengue virus (Abdul Rahman et

al., 2014) .
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Figure 5.3: Multiplexed silver nanoparticles optical paper biosensor to detect MERS-CoV, MTB and HPV.

Left panel describes the detection mechanism mediated by the AgNps to produce a visible signal. The basal electrostatic
state of the NPs enables them to be dispersed in solution and colourless. Upon addition of the PNA probe (acpcPNA), the
particles aggregate and turn red. When the complementary sequence to the probe is further added to the mix, the DNA-
probe interaction outcompetes the PNA-NP binding, de-aggregating the particles and changing the colour to yellow,
proportionally to the quantity of complementary DNA detected. Adapted from Teengam et al., (2017) with permission.
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Based on the CSSV copy number retrieved from crude extracts (figure 4.4, 4.5) the LOD permitted with
the metallic NPs in a hybridisation biosensor would be compatible with the quantity of CSSV circulating
in the T. cacao trees used as a model for this project, and therefore, the method used by Teengam et.

al could be transposed for the detection of CSSV.

A different approach to circumvent the issue of low viral copy number would be to build up viral
material by using the filter-based sap exudate collection described in the previous section, since
accumulation of the virus on the support would provide an amount of CSSV genetic material
compatible with the sensitivity of optical detection systems. Sampling devices could be installed on
several trees, on several branches, and the sap collected overnight in a tube containing a buffer
formulated to reduce the viscosity. The day after, samples could be collected, place in a syringe and
filtered through a disposable membrane containing immobilised anchoring probes. The detection of
CSSV could then be visualised using metallic NPs attached to a detection probe, creating an

oligonucleotide lattice as described in the third chapter of this project (Figure 3.1).

Similarly, to the system imagined for the DNA BRE, a fluorescent detection probe was thought to be
used as a visualisation technique when employing a zinc finger protein as a BRE. The targeted region
of interest could be first recognised and immobilised by the ZFP on the surface of a membrane, and a
detection DNA probe would be then used to visualise the binding of CSSV. Alternatively, the sequence-
enabled reassembly of B-lactamase (SEER-LAC) is an encouraging direction of research as an optical
detection system. The method (Ooi et al., 2006) follows an original strategy wherein the capturing and
the signalling parts of the biosensor are combined. The detection of the targeted DNA is devolved to
two zinc finger proteins, each recognising a distinct, close-by sequence of interest. The ZFP used in the
study were engineered to be fused with the catalytical domain of a B-lactamase from E. coli. Upon
binding to the double stranded DNA, the ZFPs would come into contact and consequently resume the
functionality of the enzyme. The chromogenic substrate nitrocefin which turns from yellow to red

upon action of the enzyme is added to the samples, enabling a direct visual observation. The specificity
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was measured by testing the protein complex with a modified DNA target sequence bearing a single
nucleotide mutation. The authors then observed a ten-fold reduction in the signal to background
levels when the mutation was on one of the targeted sites, and a 36% reduction when the mutation
was on the second site targeted. This integrated signal-generation method could be incorporated to

the ZFP production pipeline described in figure 5.1.

5.4 Conclusion and perspectives.

In this project, a DNA extraction method, two type of BREs and a hybridisation assay were developed
to construct and operate a cost-effective and simple biosensor for the detection of CSSV, the main
threat to the global production of chocolate. The demand for this crop is increasing everywhere in the
world and is driven in particular by the economic development of emerging countries such as China
and India (ICCO, 2017). Concomitantly the effect of abiotic factors caused by climate change have
current and predicted negative impact on the production, due to a lack of precipitation (Schroth et al.,
2016), increase in the temperature during the dry season (Schroth et al., 2016) and modification of
the evapotranspiration during the growing season (Schroth et al., 2016). Because current CSSV control
measures are not adequate, an additional tool to monitor the propagation of the virus in the
cultivation areas is desirable. The findings of this project could be integrated into a biosensor used as
a monitoring device. Furthermore, the biological recognition elements on which the biosensor is based

could be easily tuned to accommodate other pathogenic targets of T. cacao.

Biotic stresses like viral infection are not the only threat to the cacao sustainable supply chain.
Reducing the quantity of agricultural inputs such as fertilizers, pesticides, growth regulators and soil
conditioners is required to displace agricultural towards more sustainable practices to avoid further
deforestation of primary forest in West Africa (Hadavi and Ghazijahani, 2018);(Wijerathna-Yapa and
Pathirana, 2022). An avenue to address this challenge would be to monitor plant health more closely
and provide more personalised care to trees in plantations. While the detection of DNA provides the

user with a qualitative information on the presence or absence of, for example, a pathogen, plant
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small RNAs (sRNAs), give information about the regulation of a range of processes occurring in a plant
at a given time point, and draws a snapshot of the metabolic state of a plant under a set of
environmental conditions. sRNas can be classified in two type of molecules, micro RNAs (miRNAs) and
small interfering RNAs (siRNAs), based on how they are synthesised and their functional utilisation by
the plant (Ivanova et al., 2022). They are involved in all regulatory processes occurring in the organism,
which includes response to abiotic stress, such as heat, cold, salinity, nutrient deficiency, heavy metals,
or drought (Yu et al., 2019) and interaction with pathogens(Huang et al., 2019). These regulatory
molecules are mobilised by the plant using several mechanisms such as extracellular vesicles, that
possess specific markers (Huang et al., 2019) which can be identified and monitored. Also, SRNAs can
move freely as naked molecules or associated to RNA binding proteins (RBPs)(Tang et al., 2022).
Interestingly, RBPs have been found in the phloem compartments of plants (Yan et al., 2020; Ham and
Lucas, 2017). Seen as “systemic signalling agents” (Ham and Lucas, 2017), sSRNAs represent a promising
class of molecules to provide accurate information about the health of plants. In consequence, a
biosensor could be constructed to detect relevant sRNAs. The assay could rely on a nucleic acid probe
or a zinc finger protein, since they are able to bind RNA (Hall, 2005; Lu, Searles and Klug, 2003), such
as the BREs developed in this project. A sap collection contraption could be installed on the plants of
interest and the assay would provide dynamic data to manage the nutrient, pesticide, or fertiliser
usage in a more efficient manner. This would benefit both farmers and agricultural companies by
facilitating the health management of their plants while reducing the cost associated with pesticide

and fertiliser usage while government agencies would progress towards their sustainability targets.
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