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Abstract  

Nerine are perennial bulbous flowering plants originally from Southern Africa, with 

striking flowers. They are grown worldwide and are economically important for 

horticulture, floriculture and floristry industries. Nerine are grown commercially in 

several countries including the Netherlands, New Zealand and Japan and are 

becoming increasingly important in the UK. Nerine heritage and national 

collections are important to conservationists, growers, breeders and enthusiasts. 

Nerine can accumulate virus infections over time as they are perennial plants that 

are usually vegetatively propagated. The viral infections can be detrimental to the 

healthy growth and aesthetic value of the crop and viral infection is regulated by 

trade rules. Maintaining a virus-free crop is important for growth, sales and trade, 

therefore being able to effectively test for viruses is essential. Viral infection of UK 

Nerine was investigated and nerine latent virus (NeLV), nerine yellow stripe virus 

(NeYSV) and an nerine virus x (NVX)-like potexvirus have been identified and their 

complete genomes characterised. This represents the first instance of NeLV 

having been isolated and characterised from Nerine and the first full-length 

sequence of NeYSV. The NVX-like virus potentially represents a novel species of 

potexvirus. A UK wide survey to identify plants infected with NeLV, NeYSV and the 

NVX-like virus was undertaken and the results revealed a high level of natural 

infection, which occurred as single and mixed infection profiles. Symptomology 

and virus infection profiles were analysed, however, there was no consistent link 

between the virus(es) identified in the plant and the observed symptoms, 

suggesting that symptomology alone was not a reliable diagnostic method. PCR 

assays were the most sensitive and specific method of surveying plants for viral 

infection compared to hybridisation and lateral flow methods and the complete 

sequences of NeLV, NeYSV and potentially novel NVX-like potexvirus provided 

data from UK Nerine for specific primer development. This study supports the 

horticulture, floriculture and floristry industries by providing data that can improve 

testing methods for viruses infecting Nerine. Additionally, badnavirus-like 

sequences were identified that may represent a novel badnavirus, although its 

status as a potential endogenous viral element was unclear. Furthermore, 

potentially novel secoviridae-like sequences and potyvirus-like fragments that 

were not NeYSV were identified that require further investigation.  
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NCBI National Center for Biotechnology Information 

NEB New England Biolabs 

ng nano gram 

NIa nuclear inclusion a 

NIb nuclear inclusion b 

nm nano metre 

NSA no significant alignment 

nt nucleotide 

NZG Nerine 'Zeal Giant' 

ONT Oxford Nanopore Technologies 
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ORF open reading frame 

P1  protein 1 

P1-Pro protein 1 proteinase 

P3 protein 3 

PCR polymerase chain reaction 

pg pico gram 

PHSI Plant Health and Seeds Inspectorate  

PIPO pretty interesting potyvirus ORF 

PolyA poly adenylated 

PPO Praktijkonderzoek Plant and Omgeving [Applied Plant Research]  

P-pro papain-like protease 

Pro proteinase 

RACE rapid amplification of cDNA ends  

RCA rolling circle amplification 

RDP4 Recombination Detection Program 4 

RdRp RNA-dependant RNA-polymerase 

RNA ribonucleic acid 

RNaseH ribo nuclease H 

RP  reverse primer 

rpm revolutions per minute 

rRNA  ribosomal RNA 

RT reverse transcription   

RT-PCR reverse transcription polymerase chain reaction 

S.O.C. super optimal broth with catabolite repression  

Sg sub genomic 

Sg-RNA sub genomic RNA 

ssRNA single stranded ribonucleic acid 

Ta annealing temperature 

TAE Tris-acetate-EDTA  

TASPERT TArget-SPecific Reverse Transcript  

TDZ thidiazuron  

TE tris-EDTA  

TEM transmission electron microscopy  

TGB triple gene block 

Tm melting temperature 

TS twin scale 
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UTR untranslated region 
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VRC virus replication complex 
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AAV1 ambrosia asymptomatic virus 1  

ACMV African cassava mosaic virus 

AMV arabis mosaic virus 

ASPV apple stem pitting virus 

BaMV bamboo mosaic virus 

BBrMV banana bract mosaic virus 

BBTV banana bunchy top virus 

BRNV black raspberry necrosis virus 

BRNV black raspberry necrosis virus  

BSV banana streak virus 

BVF blackberry virus F 

BYMV bean yellow mosaic virus 

CBSLV cacao bacilliform Sri Lanka virus 

CBSV cassava brown streak virus  

CLV carnation latent virus 

CLVA chocolate lily virus A 

ClYMV clover yellow mosaic virus 

CMV cucumber mosaic virus 

CPMMV cowpea mild mottle virus  

CSSV cocoa swollen shoot virus  

CVB chrysanthemum virus B  

CVX cactus virus X 

CyEV-A cyrtanthus elatus virus A 

CyMV cymbidium mosaic virus 

DMaV dioscorea mosaic associated virus 

DMaV dioscorea mosaic associated virus  

DrMV dracaena mottle virus 

DsMV dasheen mosaic virus 

FoMV foxtail mosaic virus 

FreMV freesia mosaic virus 

HiLV hippeastrum latent virus 

HiMV hippeastrum mosaic virus 

HRSV hydrangea ringspot virus 

HyaMV hyacinth mosaic virus  

LMoV lily mottle virus 

LSV lily symptomless virus 

LVX lily virus x 

LVY lily virus y 
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LycEPRV lycopersium endogenous pararetrovirus 

NDV narcissus degeneration virus 

NeLV nerine latent virus 

NeYSV nerine yellow stripe virus 

NLSYV narcissus late season yellows virus  

NLV narcissus latent virus 

NMV narcissus mosaic virus 

NSV narcissus symptomless virus 

NVX nerine virus x 

NVY/NeVY nerine virus y (Not on ICTV list #37) 

NYSV narcissus yellow stripe virus 

PAMV potato aucuba mosaic virus 

PapMV papaya mosaic virus 

PeSV pea streak virus 

PMotV peanut mottle virus  

PMV potato virus m 

PRSV  papaya ringspot virus 

PRSV-W papaya ringspot virus-watermelon strain 

PSTVd potato spindle tuber viroid  

PVBV pelargonium vein banding virus (Not on ICTV list #37) 

PVCV petunia vein clearing virus 

PVX potato virus x 

PVY potato virus y 

RCVMV red clover vein mosaic virus 

RTBV rice tungro bacilliform virus 

SDV satsuma dwarf virus 

SDV satsuma dwarf virus 

SMoV strawberry mottle virus 

SMoV strawberry mottle virus 

SoTuEPRV solanum tuberosum endogenous pararetrovirus 

SqMV squash mosaic virus 

SuMV sunflower mosaic virus 

SYSV shallot yellow stripe virus  

TaBV taro bacilliform virus 

TBV tulip breaking virus 

TEV tobacco etch virus 

TMV tobacco mosaic virus 

TSWV tomato spotted wilt virus 

TuMV turnip mosaic virus 
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TVCV tobacco vein clearing virus 

TVX tulip virus x 

UCBSV Ugandan cassava brown streak virus  

unclear donkey orchid virus A  

unclear veltheimia virus Y (Not on ICTV list #37) 

unclear lucky bamboo bacilliform virus (Not on ICTV list #37) 

ValMV vallota mosaic virus 

VMV/VMoV viola mottle virus (Not on ICTV list #37) 

WClMV white clover mosaic virus 

WMV watermelon mosaic virus 

WMV watermelon mosaic virus 

WSMV wheat streak mosaic virus 

WSMV wheat streak mosaic virus 

YNMoV yacon necrotic mottle virus 

YNMoV yacon necrotic mottle virus 

ZaMMV zantedeschia mild mosaic virus 

ZYMV zucchini yellow mosaic virus 
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Chapter 1 General introduction 

1.1 Plant viruses infecting crops worldwide 

Plant viruses have infected many agricultural (Makkouk et al., 2014) and 

ornamental species worldwide from historic times (Rishi, 2009; Steven, 1983). 

Infection in agricultural species including tree, fruit, root and grain crops can 

threaten food security in relation to a growing global population (Nicaise, 2014; 

Rodoni, 2009) and can result in serious economic (Islam, 2017) and yield loss of 

food crops worldwide (Makkouk et al., 2014). A good example is cassava brown 

streak disease, which has affected producers in Africa and was linked to a 

reduction in yield of between 24-75% in Kenya (Legg & Hillocks, 2002). The 

viruses that cause cassava brown streak disease include cassava brown streak 

virus (CBSV) and Ugandan cassava brown streak virus (UCBSV) (Sheat et el., 

2019). Annual losses of £1.5-2.2 billion and severe hardship to growers have been 

caused by African cassava mosaic virus (ACMV) in the East and Central African 

cassava growing areas (Scholtoff et al., 2011). Another example is an estimated 

annual reduction of 50,000 tons / £23 million in potential cocoa production 

resulting from cocoa swollen shoot virus (CSSV) that was reported by Bowers & 

Bailey (2001). Additionally, drastically reduced forage and grain yield of wheat in 

the USA from infection by wheat streak mosaic virus (WSMV) was reported in 

2010 (Velandia et al., 2010). There has been decreased banana production in 

India through infection with banana bunchy top virus (BBTV), banana streak 

viruses, banana bract mosaic virus (BBrMV) and cucumber mosaic virus (CMV) 

(Dheepa & Paranjothi, 2010). Furthermore viral infections in apple trees in the 

USA have significantly reduced crop yields from between 8-67% depending on the 

virus species and apple cultivar infected (Cembali et al., 2003).  

1.2 Plant viruses infecting ornamentals worldwide and the importance of 

ornamentals to the worldwide and UK economies 

Although most attention is given to viruses of food crops (Scholtoff et al., 2011), 

viruses also infect ornamental plants and infection can affect plant health, yield, 

growth rate, flowering, vigour, profitability and the ability to export (Van Leeuwen, 

2015; Wylie & Jones, 2012). Floriculture products contribute to the worldwide 

economy. Ornamental horticulture including visitors to renowned parks and 

gardens contributed £24.2 billion to UK GDP and supported employment of over 
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500,000 people, while generating government revenues of over £5 billion in 2017 

(Oxford Economics, 2021). One of the major flower auction houses in the EU is 

Royal Flora Holland, through which millions of the world’s floriculture products are 

traded annually. Flora Holland reported that 12.3 billion plants and flowers were 

traded in 2019, which was a 1.5% increase from 2018. In addition to an increased 

volume, there was an increase in prices resulting in a product turnover of £4 billion 

(up 3.1% during the same time). Thousands of suppliers (5,406) and purchasers  

(2,458) operated during this time through the auction house (Royal Flora Holland, 

2020). The value of exported UK cut flowers was equivalent to £33.6 million and 

the value of imported cut flowers to the UK was equivalent to £801.4 million in 

2019 (Lufkin, 2019). UK ornamental crops were valued at £1.4 billion in 2020 

(DEFRA, 2021). Economic losses in crop and ornamental plants as a result of 

virus infection have been reported over several years (Jablonski et al., 2021).  

1.3 Increasing viral infection records and identification methods 

Records of viral infection and identification have increased worldwide (Rodoni, 

2009) potentially due to new and increasingly sensitive detection and identification 

methods (Sankaran et al., 2010; Jablonski et al., 2021). For example, High 

Throughput Sequencing (HTS) supported by conventional validation methods such 

as reverse transcription polymerase chain reaction (RT-PCR), has advanced the 

identification of new viruses and contributed to the elucidation of the viromes of 

many plants (Villamor et al., 2019).  

1.4 Increase of international trade of plant material and associated phytosanitary 

requirements 

As international trade has increased, so has the opportunity for alien species to 

move between political and geographical environments, increasing the risk of 

invasive pests and pathogens (Hulme, 2021). Supported by growing international 

trade (Milosevic et al., 2012), the demand for virus-free materials has increased 

(Clapa & Hart, 2021; de Klerk, 2012; Milosevic et al., 2012). Phytosanitary 

standards are being improved and tightened due to an increase in movement of 

plant material and potentially associated pests and pathogens (Milosevic et al., 

2012; Rodoni, 2009; Animal and Plant Health Agency and Department for 

Environment, Food & Rural Affairs (published 2016, updated 2021)). Phytosanitary 

measures are supported by various international groups including the Commission 
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on Phytosanitary Measures and the International Plant Protection Convention. On 

a national level, in 2018, the Plant Health and Seeds Inspectorate (PHSI) was 

notified regarding more than 109,000 consignments of controlled plant material 

(DEFRA, no date), which shows the importance of having reliable testing methods 

to control pathogens. There are also trade implications for infected propagation 

material. Many bulbs, corms, plants and plant material are imported and exported 

from the EU to countries including the USA, China, Russia, Japan, Mexico, 

Vietnam, Switzerland, Canada and Norway. Bulbs/corms accounted for 25% of 

exported plant material in 2014 (European Commission, 2015). Additionally, plants 

infected with viruses can easily be transported to other countries, where those 

imported viruses may affect crop or feed plants (Langeslag, 2011). Some 

countries have strict regulations on imported material that may contain viruses. For 

import into the EU, directive EC 29/2000 defined protective measures against the 

introduction of harmful organisms, including plant viruses (European Commission, 

2000). The virus level within plant propagation material exported from the EU is 

controlled and each destination country has its own virus level limit, which may 

become more tightly controlled in the future (Van Leeuwen, 2015). Now the UK 

has left the EU, there are new regulations relating to bringing plant material into 

the UK (The National Archives, no date). For future trade security, and a 

consistently healthy source of propagation material, it is important to maintain 

virus-free stock for vegetative propagation. Additionally, it is essential to be able to 

routinely test for viruses in stock plants and import/export material.  

1.5 Ornamental bulb propagation and the transfer of virus to offspring plants 

Bulbs can be propagated vegetatively after a hybrid has been chosen for 

commercial introduction, yet the conventional method is slow. For example in tulip 

it could have taken many years (up to 20) to propagate a new cultivar for 

commercial release (de Klerk, 2012). Plant viruses are easily passed on in stock 

from parent to offspring plants during conventional vegetative propagation (Petrov 

et al., 2021), which increases the potential for viruses to spread within stock 

populations (de Klerk, 2012) and via international trade (Langeslag, 2011). 

Bulbous ornamentals which are propagated by conventional vegetative methods 

can accumulate viruses, which can negatively affect growth, appearance, and 

impact trade (Eames, 2014; Van Leeuwen, 2015). Significant impacts on industry 

are caused by the effects of viral disease in cut flower/bulb plants. Large amounts 
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of stock can become infected in a short period of time resulting in heavily infested 

plants that are unsaleable (Conijn, 2014). Micropropagation techniques can 

decrease the timescale to produce a viable stock of a new commercial variety (de 

Klerk, 2012; Podwyszyńska & Sochacki, 2010) and screening of stock plants for 

viral infection prior to using micropropagation can ensure propagation from 

disease-free material. Additionally, screening of propagated material prior to 

release ensures that virus-free plants are being released to market (Villamor et al. 

2019). Meristem culture can produce virus-free plants from virus infected material 

(Wang et al., 2020; Podwyszyńska & Sochacki, 2010), alone or in combination 

with other techniques. In some plant/virus combinations, virus particles are less 

likely to be in the meristematic tissues of the parent plant (Bradamante et al., 

2021) than in tissue used for vegetative propagation. Additionally, meristem 

culture may reduce bacterial and fungal infections in culture (Theerawitaya et al., 

2021).  

The severity of symptoms will determine the economic importance of the virus 

(Walkey,1991), yet those viruses with little or no symptoms can also affect the 

export value of a crop. Latent plant viruses can exist in a dormant state or at a low 

level within a host without expressing symptoms, yet multiple infections can occur 

and then two or more viruses may have synergistic or antagonistic effects on each 

other and the resulting symptoms (Islam, 2017). Viruses resulting in severe 

symptoms are likely to have been selected out, leaving the viruses producing less 

severe symptoms, making it harder for the growers to visually identify infected 

plants. However, it is hard for growers to visually identify virus infection as some 

virus-like symptoms may also result from abiotic causes (Islam, 2017).  

1.6 Popular bulbs from a consumer perspective 

From a consumer perspective lily and tulip commonly feature in most popular cut 

flower lists (Planteria Group, no date; BloomsyBox, 2020), so virus infection 

associated with these plants has resulted in severe economic loss over the years. 

Additionally, virus infection of bulbous flowering plants is a problem as bulbous 

plants are generally propagated vegetatively (Petrov et al., 2021). Virus infection in 

Liliaceae causes malformed flowers, chlorosis and growth reduction, making the 

plants less valuable at market (Petrov et al., 2021). For example, infection of lilies 

in India (Sharma et al. 2005) caused a reduction in cut flowers and lily 

symptomless virus (LSV) in China (Wang et al., 2010) caused severe reduction in 
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yield, bulb quality and flower production in the Lanzhou lily. Tulip breaking virus 

(TBV) (Polder et al., 2014) and tulip virus x (Lommen et al., 2012) have been 

responsible for severe economic losses in the Netherlands. Screening for and 

controlling virus infection in tulips and other ornamental bulbs can reduce losses 

due to viral infection (Langeslag, 2011). For example nerine latent virus (NeLV) is 

a provisionally regulated virus in Korea. NeLV was reported in 

Amaryllis/Hippeastrum (a host for NeLV) as a result of a quarantine inspection in 

Korea in 2019/2020 and has recently been identified in Hippeastrum hybridum 

bulbs on sale in a flower market (Heo & Choi. 2021). Other bulb plants including 

Amaryllis, Hippeastrum, Narcissus and Nerine are popular in the UK as cut flowers 

and potted house and garden plants. Hippeastrum mosaic virus (HiMV) (Wylie & 

Jones, 2012) and narcissus yellow stripe virus (NYSV) (Guaragna et al., 2013) 

have been reported to infect Amaryllis. Several viruses have been reported to 

infect Hippeastrum including HiMV (Wylie & Jones, 2012; Alexandre et al., 2011, 

Xu et al., 2017; De Leeuw, 1972), hippeastrum latent virus (HiLV) (NCBI, 2008), 

tobacco mosaic virus (TMV), tomato spotted wilt virus (TSWV), cucumber mosaic 

virus (CMV), (De Leeuw, 1972; DPVWeb, no date), sunflower mosaic virus 

(SuMV) (De Leeuw, 1972) and nerine latent virus (NeLV) (Wylie & Jones, 2012). 

The UK has a long history of narcissus production due to the suitable climate 

(Tompsett, 2006). Several viruses have been reported to infect narcissus including 

narcissus degeneration virus (NDV) (Chen et al., 2007), narcissus yellow stripe 

virus (NYSV) (Chen et al., 2006), narcissus latent virus (NLV) (Brunt, 1976; Gao et 

al., 2018), narcissus mosaic virus (NMV) (Brunt, 1966) and narcissus late season 

yellows virus (NLSYV) (Wylie et al., 2014; Wylie et al., 2010; Mowat et al.,1988). 

Table 1.6.1 summarises a range of ornamental bulbs, viruses associated with 

infection of those bulbs and vectors and hosts associated with those viruses. 

 

 

 

 

 



Bulb Virus Abbreviation; genus Vector(s) Hosts 

Lilium 
lily symptomless virus 
(Chinestra et al. 2010) 

LSV; Carlavirus 
non-persistent by aphid Myzus persicae and 
persistent by Aphis gossypii (DPVWeb b, no date). 

Lilium, Inula, Alstroemeria, 
Tulipa, Lupinus and 
Hymenocallis  

Lilium 
lily mottle virus (Chinestra et al. 
2010) 

LMoV; Potyvirus 
Winged aphid vectors (Asjes & Blom-Barnhoorn, 
2002) Possibly Mysus persicae, Macrosiphum 
euphorbiae, and Aphid fabae (Chinestra et al. 2010). 

Lilium, Narcissus, 
Alstroemeria, Zantedeschia, 
Tulipa, Muscari, Hyacinthus, 
Lilium X fomolongi,  

Lilium 
cucumber mosaic virus 
(Chinestra et al. 2010) 

CMV; Cucumovirus 
 

Winged aphids (Asjes, 2000). 

Cucmber mosaic virus has a 
wide host range and has 
been known to infect 
ornamentals, vegetables and 
other plants including over 
1,500 host species from 40 
plant families (Palukaitis et 
al., 1992). 
 

Lilium 
lily virus X LVX; Potexvirus 

 
Mechanical transmission and vegetative propagation. 
 

Lilium, Tricyrtis 
 

Lilium 
lily virus Y (lily mosaic virus?) Not sure of 

abbreviation, assume 
LVY?; Potyvirus 

Most potyviruses are transmitted non-persistently, in 
a non-circulative manner by aphids (Gadhave et al., 
2020). 

Lilium 

Lilium 
tulip breaking virus TBV; Potyvirus 

 
Myzus persicae, Aphis gossypii, Doralis fabae and 
Macrosiphum euphorbiae (DPVWeb c, no date). 

Lilium, Tulipa 

Tulipa 
tulip virus X TVX; Potexvirus 

 
Mechanical transmission and vegetative propagation. 
 

Tulipa, Melissa, Nicotiana,  
 

Tulipa 
hippeastrum mosaic virus 

HiMV; Potyvirus 
Aphis gossypii and Myzus persicae (DPVWeb d, no 
date). 

Narcissus, Hippeastrum, 
Eucharis, Amaryllis 

Amaryllis, 
Hippeastrum 

narcissus degeneration virus 
NDV; Potyvirus 

Most potyviruses are transmitted non-persistently, in 
a non-circulative manner by aphids (Gadhave et al., 
2020). 

Narcissus  
 

Narcissus 
narcissus yellow stripe virus 

NYSV; Potyvirus 
9 aphid species, including Aphis fabae, 
Acyrthosiphon pisum and Macrosiphum euphorbiae 
(DPVWeb e, no date). 

Narcissus 
 

Narcissus 
narcissus latent virus NLV; Macluravirus 

non-persistent manner by Acyrthosiphon pisum, 
Aphis gossypii and Myzus persicae. (DPVWeb f, no 
date). Narcissus, Iris 
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Bulb Virus Abbreviation; genus Vector(s) Hosts 

Narcissus narcissus mosaic virus NMV; Potexvirus Mechanical transmission and vegetative propagation. Narcissus, Iris 

Narcissus 
narcissus late season yellows 
virus  

NLSYV; Potyvirus 
Myzus persicae. (DPVWeb g, no date). 

Narcissus, Sternbergia, 
Clivia,  

Narcissus 
narcissus common latent virus NCLV; Carlavirus 

Most carlavirus species are transmitted non-
persistently by aphids (ICTV, 2021c). Narcissus 

Narcissus 

nerine latent virus NeLV; Carlavirus 
Most carlavirus species are transmitted non-
persistently by aphids (ICTV, 2021c). 

Narcissus, Hippeastrum, 
Haemanthus, Crinum, 
Lycoris, Ismene, Nerine, 
Clivia, Amaryllis, Agapanthus, 
Ornithogalum,  

Nerine nerine virus X NVX; Potexvirus Mechanical transmission and vegetative propagation Agapanthus, Nerine 

Nerine 
nerine yellow stripe virus NeYSV; Potyvirus 

Most potyviruses are transmitted non-persistently, in 
a non-circulative manner by aphids (Gadhave et al., 
2020). 

Nerine, Crinum, Amaryllis, 
Stenomesson, Hymenocallis, 
Vallota  

Table 1.6.1 Summary of ornamental bulbs, the viruses (as present on ICTV master species list 2020, list #37) associated with infection of those bulbs and the 

vectors and hosts associated with those viruses. Host groups were identified using ‘host’ data available on NCBI for each virus, with the exception of cucumber 

mosaic virus. 

 

 

 



1.7 Importance of Nerine, virus issues in this genus and justification of research 

Nerine have been commercially produced in the Netherlands, New Zealand, South 

Africa, Japan and Columbia (Limbath et al., 2000) and UK growers were interested 

to include Nerine in future commercial production (Winchester Growers, 2015) as 

they are a popular cut flower with florists and a bulb plant grown in gardens. 

Nerine feature in UK botanical gardens including Kew and Wisley and the ‘Nerine 

and Amaryllid Society’ have a UK wide community interested in cultivation of 

heritage and new Nerine varieties. Several UK Nerine growers have reported viral 

infection as an issue and wanted to know if the virus-like symptoms observed in 

some Nerine were related to virus infection. Growers were concerned about the 

health and vigour of heritage varieties and the future of UK stock. The experiments 

described in this thesis were undertaken in response to the growers’ concerns and 

to try to elucidate the state of infection of UK Nerine stock. The following section 

details viruses currently known to infect Nerine and this thesis describes 

experiments performed to identify viruses currently infecting UK Nerine stock.  

1.8 Viruses previously described as having infected Nerine 

The viruses that are likely to be present in Nerine include the carlavirus nerine 

latent virus (NeLV) (Pearson et al., 2009; Limbath et al., 2000); the potyviruses 

nerine yellow stripe virus (NeYSV) (Monger/Eames, 2014; Pearson et al., 2009; 

Limbath et al., 2000), nerine virus Y (NVY) (Eames, 2015; Pearson et al., 2009; 

Limbath et al., 2000) and vallota mosaic virus (VaMV) (Monger & Mumford, 2008); 

the potexviruses nerine virus x (NVX) (Maat, 1976; Pearson et al., 2009; Phillips & 

Brunt, 1980; Limbath et al., 2000) and narcissus mosaic virus (NMV) (Koenig et 

al., 1973), and the cucumovirus cucumber mosaic virus (CMV) (Limbath et al., 

2000). Nerine viruses can be present in single or mixed infections (Hakkaart et al., 

1975; Balasingham, 1989; Brunt, 1977) and can cause mild to severe symptoms. 

Symptoms are varied (Fig.1.8.1a-c) and include chlorosis, necrosis and yellow 

stripes or patches (Eames, 2015), chlorotic stripes, dark green oval spots on 

leaves and breaking pattern and malformation in flowers (Loebenstein et al., 

1995), possible reduced scape length (Limbath et al., 2000), and mild (Guaragna 

et al., 2013; Hakkaart et al., 1975) to severe mosaic leaf symptoms (Kumar et al., 

2015). Symptomless infections are also possible (Loebenstein et al., 1995). It is 

widely thought that viral infection leads to a loss of vigour in the infected plant and 

eventually affects flowering and aesthetic value, whether that be as a cut flower, a 
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garden bulb or a display of plants in a visitor garden. To provide a comprehensive 

introduction for the virus groups in question, a biological profile for an example of 

each genus and species is presented in the following sections. Carlavirus (section 

1.9.1), NeLV (section 1.9.1.1); Potyvirus (section 1.9.2), NeYSV (section 1.9.2.1), 

NVY (section 1.9.2.2), ValMV (section 1.9.2:3); Potexvirus (section 1.9.3), NVX 

(section 1.9.3.1); Cucomovirus (section 1.9.4), and CMV (section 1.9.4.1). 

   
Fig.1.8.1a Nerine leaves 
potentially infected with 
NeYSV, NVX and NeLV 
(Eames, 2015). 

Fig.1.8.1b Nerine leaves 
potentially infected with 
NeYSV and NVX (Eames, 
2015).  

Fig.1.8.1c Nerine leaves 
potentially infected with NeYSV 
(Eames, 2015).  

 

 

1.9. Virus biology 

1.9.1 Carlavirus 

NeLV belongs to the Carlavirus genus, within Betaflexiviridae family; the 

Carlavirus type member is carnation latent virus (CLV). Plants infected with 

carlaviruses can show symptoms including leaf malformation and plant stunting 

(Fujita et al., 2018). Carlaviruses have flexuous filamentous particles ranging from 

610-710 nm long by 12-15 nm diameter and a single linear ssRNA molecule 8.3-

8.7 kb long with a poly(A) tail, a 5’ cap and no 5' VPg (ICTV, 2021a). Carlavirus 

genomes have six ORFs and there are 2 sub-genomic (Sg) RNAs. ORF1 codes 

for the polymerase and contains sequences encoding methyltransferase, ALkB, a 

papain-like protease/proteinase, helicase, and RNA dependent RNA polymerase 

(RdRp) motifs. ORFs 2-4 express the triple gene block (TGB) movement proteins. 
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ORF5 expresses the coat protein (CP) and ORF6 codes for a nucleic acid-binding 

protein (Adams et al., 2004; Smith & Campbell, 2004; Tiberini et al., 2011). There 

are untranslated regions (UTR) at the 5’ and 3’ ends (Li et al., 2013; Zanardo & 

Carvalho, 2017). The replication method used by carlaviruses is the conventional 

positive strand ssRNA system. Fig.1.9.1 shows a schematic representation of the 

potato virus m (PVM) genome (Hull, 2014) as a carlavirus example. 

 

Fig.1.9.1 Schematic representation of potato virus m (PVM) adapted from Hull (2014). ORF 

positions and products. Mtr (methyltransferase), AlkB (proteins repair RNA damage), P-pro 

(papain-like protease), Hel (helicase), RdRp (RNA dependant RNA polymerase), CP (coat protein), 

NB (nucleic acid-binding protein). The 25k, 12k and 7k proteins represent the TGB (King et al., 

2012). 

The ORF1 methyltransferase (Mtr) is involved in methylation of the 5’ cap 

(sometimes present on carlaviruses) during RNA maturation (Rosanov et al., 

1992; Mandahar, 2006). ALkB is potentially a repair domain protecting the RNA 

from environmental methylating compounds (Bratlie & Drablos, 2005), maintaining 

the viral RNA integrity (van den Born et al., 2008). AlkB sequences from 

carlaviruses clustered together in a clustal alignment suggesting common ancestry 

in this group (Meng et al., 2017). Papain-like protease/proteinase (P-pro) is 

potentially involved in autocatalytic processing of ORF1 (Lawrence et al., 1995). 

Carlavirus helicase (Hel) is classified in Superfamily 1 (Li et al., 2013) and unwinds 

viral RNA (Jankowsky & Fairman-Williams, 2010) during replication (Gilhooly et 

al., 2013). RNA dependent RNA polymerase (RdRp) is part of the viral 

polymerase. Viral genome replication occurs in a membrane-bound replication 

complex (den Boon et al., 2010; Miller & Koev, 2000) consisting of viral RNA, viral 

polymerase, viral proteins and cellular proteins (Choi et al., 2012). RdRps 

transcribe viral positive strand RNA into complementary negative strand RNA 

producing a dsRNA, which acts as a template to generate copies of positive strand 

RNA. Positive-sense ssRNA can produce viral proteins without modification to the 

viral genome. Positive strand RNAs are synthesised in larger quantities than 

negative strands and only viral specific RNAs are copied by the RdRp in the 
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infected cell (Choi et al., 2012). Viral mutation can occur (estimated at 

approximately one mutation per replicated genome) as viral RdRps do not have 

proofreading activity. Diversity created by mutations may be linked to evolutionary 

advantages for virus survival (Choi et al., 2012). ORFs 2-4 are partially 

overlapping and are termed the triple gene block (TGB). The TGB is a gene 

module involved in viral cell-to-cell and long-distance movement through the plant 

(Morozov & Solovyev, 2003) and comprises TGB1, TGB2 and TGB3 (according to 

genome location). In the potato virus m schematic example (Fig.1.9.1), TGB1 is 

25kDa, TGB2 is 12kDa and TGB3 is a 7kDa protein, other carlaviruses exhibit 

similar sized TGBs. The TGB arrangement is found in potexvirus, carlavirus, 

allexivirus, foveavirus, hordeivirus, benyvirus, pomovirus and pecluvirus groups. 

The TGB gene positions in relation to each other are conserved, however the TGB 

positions within viral genomes of different genera vary. TGB1 (ORF2) contains a 

helicase domain belonging to Superfamily1 (Morozov & Solovyev, 2003). 

Suppressor protein activity is linked to the TGB1 and cysteine rich proteins (CRP) 

(Senshu et al., 2011). TGB2 and TGB3 (ORF3 and ORF4) include hydrophobic 

sequences, potentially involved in protein-membrane interaction. TGB2 contains 

two hydrophobic sections with a conserved region between them 

(GDx6GGxYxDG) (Morozov & Solovyev, 2003). TGB3 contains a hydrophobic 

sequence at the N terminus followed by a conserved region (Cx5Gx8C). Morozov & 

Solovyev (2003) suggested that TGB1 and TGB2 probably originate from a 

common ancestor but TGB3 does not. There are differences between the hordei-

like and the potex-like TGB2 integral membrane proteins. The net charge of the 

short N-terminal hydrophilic segment of the hordei-like TGB2 has a positive net 

charge of 2 to 3 and the potex-like has a neutral or positive net charge of 1. This 

classification has a relevance to the different roles of the CP in cell-to-cell 

movement. In potex-like viruses (presumably carlaviruses included) the CP is 

required for intercellular movement. ORF5 codes for the CP. Plant virus CPs 

protect the viral nucleic acid and disassemble the parent virus in early infection 

and assemble daughter virus after replication. Additionally, some virus CPs are 

involved in RNA translation, locating viral RNA to replication sites, cell-to-cell and 

long distance movement, virulence and symptomology, RNA silencing suppression 

and vector specificity (Bol, 2008). ORF6 codes for a nucleic acid binding protein. 

Typically carlaviruses encode a 12-18kDa cysteine rich protein (CRP) (Su et al., 

2015). Gramstat et al. (1990) studied binding properties of this in potato virus m 
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(PVM) and suggested it acts as a replication regulatory factor in conjunction with 

an adjacent zinc finger motif (Gramstat et al., 1990). The C-4 type zinc finger has 

four cysteine residues and is conserved among carlaviruses (EMBL-EB2018). 

Some carlaviruses express different size/function proteins from ORF6, for example 

pea streak virus (PeSV), which encodes a 6.6kDa peptide without similarity to 

known proteins (Su et al., 2015). Lukhovitskaya et al. (2005/2013) studied the 

12kDa CRP of chrysanthemum virus B (CVB) and found that it induced 

pathogenesis, stress and systemic acquired resistance genes, when expressed in 

potato virus x (PVX), prior to it inducing a hypersensitive response. It bound RNA 

and DNA but preferred DNA in the presence of Zn2+ ions. Mutational analysis 

showed the basic motif was necessary for localisation to the nucleus and the zinc 

finger motif was required for Zn2+ -dependent DNA binding and HR in PVX 

infections (Li et al., 2013; Zanardo & Carvalho, 2017). CRPs in carlaviruses have 

been shown to be pathogenicity determinants (Fujita et al., 2018; Senshu et al., 

2011; Lukhovitskaya et al., 2005; Lukhovitskaya et al., 2013; Li et al., 2013; Deng 

et al., 2015). Carlavirus CRPs are also linked to RNA silencing suppressor activity 

(Fujita et al., 2018). The 3’ UTR is active in viral replication as the minus strand 

intermediate origin, additionally the 3’ UTR is likely to regulate translation and 

stabilise the RNA (Dreher, 1999). The poly adenylated tail (PolyA tail) can act as a 

translation enhancer in conjunction with the 5’ cap, mainly influencing efficiency 

with a minor additional role of stabilising the RNA (Dreher & Miller, 2006).  

Most carlavirus species are transmitted non-persistently by aphids (Diaz-Lara et 

al., 2019; Bristow et al., 2000; Naidu et al., 1998, ICTV, 2021c), with some 

exceptions. Cowpea mild mottle virus (CPMMV) is transmitted by whiteflies 

(Bemisia tabaci) (Zanardo & Carvalho, 2017; Barreto da Silva et al., 2020). Pea 

streak virus (PeSV) (Su et al., 2015), red clover vein mosaic virus (RCVMV) 

(Fletcher et al., 2015) and CPMMV (Naidu et al., 1998) are transmitted via seeds 

in some leguminous hosts. Carlaviruses can be mechanically transmitted (ICTV, 

2021c; Brito et al., 2012). 

1.9.1.1 NeLV 

NeLV was reported in UK Nerine sarniensis (Brunt et al., 1970) and then identified 

and partially described by Hakkaart (1972), who proposed the name as the 

particles identified were first seen in Nerine sarniensis/bowdenii plants without 

symptoms. In a subsequent study NeLV was identified by electron microscopy in 
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leaves with and without mosaic symptoms (Hakkaart, et al., 1975) and was 

identified alone and in mixed infections (with NVX and a potyvirus) by Brunt 

(1977). NeLV was further described by Maat et al. (1978), using ELISA, sediment 

coefficient, buoyant density and indicator plants, who found particles with an 

average length of 660 nm in N. flexuosa ‘Alba, N. manselli, N.sarniensis and 

Hippeastrum sp., although the study also referred to NeLV particles with a length 

of 664 nm. The virus was found to be serologically indistinguishable from 

hippeastrum latent virus (HiLV) (Brolman-Hupkes, 1975) yet a study of Dutch 

isolates (Pham et al., 2010) found NeLV sequences amplified from Nerine sp., 

Hippeastrum sp. and Ismene sp. shared more (~90%) identity with narcissus 

symptomless virus (NSV) (NC_008552) than with hippeastrum latent virus (HipLV) 

(NC_011540). NeLV host range includes Hippeastrum sp., Crinum sp., Narcissus 

sp., Haemanthus sp., Lycoris sp., Ismene sp. and Nerine sp., as there are 

sequences from hosts within these genera in the NCBI database. NeLV has been 

identified in the USA, the Netherlands, Taiwan, Australia and the UK, as confirmed 

by the available NCBI accessions. NeLV is not transmitted by contact between 

plants, by seed or by pollen (Brunt et al., 1996). NeLV can be transmitted non-

persistently by Myzus persicae and by mechanical inoculation (Brunt et al., 1996). 

NeLV virus particles are filamentous, not enveloped and usually straight. They are 

665 nm long (which slightly differs from Maat et al., 1978) x 13 nm wide. Hakkaart 

(1972) and Maat et al. (1978) used transmission electron microscopy (TEM) to 

identify virus particles in Nerine samples. Limbath et al. (2000) identified NeLV 

using ELISA with crude polyclonal antiserum from DZ Maat, IPO-DLO, 

Wageningen, the Netherlands. NeLV was identified in N. fothergilli ‘Major’, N. 

flexuousa ‘Alba’, N. sarniensis ‘Salmonea’, ‘Rosea’, N. bowdenii and Nerine sp. 

Pearson et al. (2009) identified NeLV in 4 out of 5 Nerine sp. samples using DAS-

ELISA with NeLV antiserum from Praktijkonderzoek Plant and Omgeving [Applied 

Plant Research] (PPO). NCBI currently holds complete NeLV sequences obtained 

from various genera including Hippeastrum (NC_028111, JQ395043) and 

Narcissus (JQ395044) from Australia; Narcissus (NC_008552, AM182569) from 

China; Agapanthus (MT536156, MT536155), Amaryllis (MT536158, MT536159) 

and Clivia (MT536160, MT536157) from South Africa and Crinum (MG012804) 

from the USA. Interestingly these full-length sequences have been isolated from 

Amaryllidaceae. Partial sequences of NeLV are reported from Haemanthus 

(MK085064) from UK; Hippeastrum (HM119495, HM119499, HM119496, 
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HM119500), Ismene (HM119501, HM119497), Narcissus (KY052163, KY052162, 

KY052161, KY052160, KY052159, KY052158, KY052157) and Nerine 

(HM119498) from the Netherlands; Narcissus (GQ205442, FJ546719, FJ606452) 

from New Zealand; Ornithogalum (KY769697, KY769681, KY769699) from South 

Africa and Haemanthus (KM396460, KM396459, KM396458, KM396457, 

KM396456, KC505178, KC505177), Hippeastrum (JX880024, JX848395, 

JX848394), Lycoris (JX978442, JX913805, JX901048, JX880023) and Narcissus 

(JX524885, JX524884) from Taiwan. 

1.9.2 Potyvirus 

NeYSV is a member of the Potyvirus genus within the Potyviridae family; the type 

member for Potyvirus is potato virus y (PVY). Potyviruses have flexuous 

filamentous particles, 680 - 900 nm long by 11-13 nm wide and the genome is a 

single molecule of linear, positive-sense ssRNA, ~ 9.5 – 9.7 kb long. It has a 5’ 

VPg and a 3’ poly(A) tail (ICTV, 2021b). There are two ORFs, the major encodes a 

large polyprotein that is cleaved into ten products including P1-Pro, HC-Pro, P3, 

6K1, CI, 6K2, VPg, NIa Pro, NIb, CP using three virus-encoded proteases (Igori et 

al., 2020; Nigam et al., 2019; Goh et al., 2021). The smaller ORF encodes ‘pretty 

interesting potyvirus ORF’ (PIPO) (Chung et al., 2008). Endoplasmic reticulum 

(ER), golgi apparatus and chloroplast membranes are involved in replication (Wei 

et al., 2010a). Tobacco etch virus (TEV) provides an example of genome 

organisation (Fig.1.9.2.1).

 

Fig.1.9.2.1 Schematic representation of tobacco etch virus (TEV) adapted from Hull (2014) with the 

ORF represented by boxes translated into a polyprotein. Functions associated with the mature 

proteins include; VPg, genome-linked viral protein covalently attached to the 5’-terminal nucleotide 

(shown by the oval at the 5’ end); 35K/P1-Pro, a protein with a proteolytic activity responsible for 

cleavage; 52K/HC-Pro, a protein with aphid transmission helper-component activity and proteolytic 

activity responsible for cleavage. Additionally, the genome includes 50K/P3, 71K/Helicase/ATPase, 

6K2/Membrane anchor, 21K/VPg, 27K/Protease, 58K/Replicase, 30K/Coat protein (King et al., 

2012). 
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Some potyvviruses exhibit proteins that aggregate during infection and form 

inclusion bodies. Proteins involved with particular inclusion body types (AI, CI, NIa, 

NIb) are noted above the schematic representation of the potyvirus genome 

(Fig.1.9.2.1). The viral protein, genome linked (VPg) is a small protein covalently 

linked to the 5’ end and coded for by the virus RNA. The VPg has been associated 

with translation, replication (Huang et al., 2010), cell-to-cell movement (Dunoyer et 

al., 2004) and host resistance (Roudet-Tavert et al., 2007). There is a short 5’ 

UTR. Some plant virus RNAs, including potyviruses, do not use a 5’ cap and 

instead use other methods to facilitate translation including a 5’ UTR internal 

ribosome entry site (IRES) (Fan et al., 2012). P1-Pro enhances Helper 

Component-Protease (HC-Pro) activity (Valli et al., 2006) and has a protease 

activity (Pasin et al., 2014). HC-Pro is involved in multiple functions. The C-

terminus proteinase is involved in cleaving the polyprotein (Kasschau & 

Carrington, 2001), in aphid transmission (Nigam et al., 2019; Alexandre et al., 

2020) and in other defence-related activities, for example suppressor protein 

activity (Soitamo et al., 2011). AI is an amorphous inclusion body protein. The P3 

is a symptom determinant (Jenner et al., 2003), linked to symptom development 

(Lin et al., 2011) and virulence, and involved in movement (Yang et al., 2018) and 

replication (Cui et al., 2017). The small ORF PIPO is thought to be involved in 

movement between cells (Chai et al., 2020; Nigam et al., 2019; White, 2015; 

Vijayapalani et al., 2012) and the protein encoded for by PIPO is produced by 

transcriptional polymerase slippage and/or ribosome frame shifting (Chai et al., 

2020; White, 2015; Chung et al., 2008). Slippage of the polymerase at a 

conserved motif (5´-GAAAAAA-3´) near the 5’ end of the region (Chung et al., 

2008) moves PIPO into a reading frame and it is then translated, resulting in P3N-

PIPO production (White, 2015). 6K1 is recruited by 6K2 to virus replication 

complexes (VRC) during replication regulation (Geng, et al., 2017). 6K2 vesicles 

are involved in viral movement due to proximity to plasmodesmata and as the 

result of interaction with multiple potyviral elements including 6K2, P3, P3N-PIPO 

and CI (Chai et al., 2020). The cylindrical inclusion (CI) protein is responsible for 

the cylindrical-shaped inclusion bodies that occur in cytoplasm of infected cells 

and is characteristic of infection with a member of the Potyviridae (Sorel et al., 

2014). Additionally, the CI has a helicase activity (Lopez et al., 2001), which 

separates nucleic acid strands using energy from ATP hydrolysis (Frick & Lam, 

2006). 6K2 is a membrane protein that anchors the replication complex to the ER 
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(González et al., 2019) where the 6K induced and containing vesicles target 

chloroplasts for replication (Wei et al., 2010a). Geng et al. (2017) investigated 

potyvirus replication and confirmed chloroplast-bound proteins are involved in 

VRCs. NIb and viral RNA were found in the VRCs induced by the 6K2 protein. 6K2 

locates 6K1 to VRCs then uses the chloroplast-bound protein NbPsbO1 in 

replication regulation (Geng et al., 2017). NIa is a large nuclear inclusion protein. 

NIa-Pro is a serine-like protease, which cleaves multiple sites in the polyprotein 

(Goh & Hahn, 2021). VPg contains a nucleotide binding site and may be a primer 

for potyvirus replication (Puustinen & Mäkinen, 2021) and be linked to translation 

and virus movement (Nigam et al., 2019). NIa-Pro is a protease that cleaves 7 of 

the 10 mature proteins from the polyprotein (Goh et al., 2021). NIb is a large 

nuclear inclusion protein and also codes for an RdRp (Fan et al., 2003). The final 

30K is the CP, which protects the viral RNA and is involved in movement (Wei et 

al., 2010b), amplification and vector transmission (Dombrovsky, 2005; Nigam et 

al., 2019). Potyviruses have developed methods to attract initiation 

factors/ribosomes including 3′ cap-independent translational enhancers (3′ CITEs) 

in the 3’ UTR (Fan et al., 2012; Simon & Miller, 2013;Nicholson & White, 2011). 

The CITEs can take different structural forms (I-shaped, Y-shaped, T-shaped, or 

pseudoknotted structures, or radiate multiple helices) and common features 

include binding ability for translation factor eIF4F complex. The T-shapes have 

ribosome and ribosomal subunit binding ability and one of the T-shapes can 

facilitate simultaneous long-distance RNA-RNA interaction (Simon & Miller, 2013). 

The polyA tail, along with the 5' cap and VPg have been reported to be involved in 

translation initiation (Beauchemin et al., 2007), translation and replication (Geng et 

al., 2019) and translation efficiency (Gallie, 1991). 

Most potyviruses are transmitted non-persistently, in a non-circulative manner by 

aphids (Gadhave et al., 2020) supported by interactions between the HC-Pro and 

CP for binding to an aphid stylet (Gadhave et al., 2020), however, some 

potyviruses are transmitted inefficiently by aphids and some not at all (ICTV, 

2021d). Of those not transmitted by aphids, it may be due to mutations in the CP 

(Wylie et al., 2002) and/or HC-Pro regions. Some potyviruses are seed transmitted 

(Simmons et al., 2013; Tóbiás & Palkovics, 2003; Hajimorad et al., 2017). Most 

potyviruses are thought to be mechanically transmissible (Gadhave et al., 2020).  
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1.9.2.1 NeYSV 

Brunt (Pers.comm. to Milne, 1983) identified a potyvirus that was distinct from 

narcissus yellow stripe virus (NYSV) and designated it to be nerine yellow stripe 

virus (NeYSV) (Balasingham, 1989). NeYSV was detected using serological 

methods in Lycoris aurea in Tasmania and in a mixed infection with NeLV in N. 

flexuosa where a reduction in scape length was observed in the latter (Limbath et 

al., 2000). Limbath et al. (2000) advised continued monitoring of NeYSV in 

Tasmania due to its potential to induce aesthetically damaging leaf/flower 

symptoms. NeYSV was identified using TEM, RT-PCR and ELISA in Amaryllis sp. 

and Nerine sp. in New Zealand (Pearson et al., 2009) and it was noted that 

NeYSV caused more significant damage to diseased plants than NeLV, NVX, 

NeVY and ValMV in single or mixed infections (Pearson et al., 2009; Loebenstein 

et al., 1995). NeYSV was identified using RT-PCR in the USA in Amaryllis 

belladonna (Guaragna et al., 2013) following an observation of mosaic symptoms, 

and then in India using RT-PCR in Crinum asiaticum (Kumar et al., 2015) following 

observation of severe mosaic symptoms. Symptoms include chlorotic stripes on 

flowers and leaves, faint mosaic or dark green oval spots on leaves and breaking 

pattern and malformation in flowers (Loebenstein et al., 1995), possible reduced 

scape length (Limbath et al., 2000) and mild (Guaragna et al., 2013) to severe 

mosaic leaf symptoms (Kumar et al., 2015). Symptomless infections are also 

possible (Loebenstein et al., 1995). NeYSV host range appears to be 

Amaryllidaceae with infections reported in multiple genera within this group 

including Nerine, Crinum, Amaryllis, Stenomasson, Lycoris, Hymenocallis and 

Cyrtanthus (previously Vallota) as there are sequences from hosts within these 

genera in the NCBI database. The geographic range of NeYSV is worldwide with 

infections reported in plants from the UK, the Netherlands, the USA, India, New 

Zealand and Australia, as confirmed by the available NCBI accessions. NeVY, a 

potyvirus, was found in low levels in offspring bulbs/offsets (Limbath, 2000) so it 

seems likely that another potyvirus that infects Nerine plants could also transfer to 

offspring bulbs/offsets in this way if present in the parent bulb.  

Monger (pers.comm), working with UK Nerine, identified potyvirus-length particles 

in N. bowdenii ‘Alba’ and in N. sarnienesis x N. bowdenii ‘Zeal Giant’ using TEM. 

Potyvirus-length particles were identified in N. sarniensis ‘Undulata’ and NeYSV 

sequence data were obtained following RT-PCR. Potyvirus-length particles were 
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also identified in N. bowdenii varieties, ‘Nikita' and ‘Fenwick’s Var.’ (now known as 

‘Mark Fenwick’) and NeYSV sequence data were obtained following RT-PCR 

(Monger, unpublished). Limbath et al. (2009) did not identify NeYSV in Tasmanian 

Nerine surveyed by ELISA but identified NeYSV in Lycoris aurea. Pearson et al. 

(2009) identified NeYSV in 4 out of 5 New Zealand Nerine samples using DAS-

ELISA with NeYSV antiserum from PPO, Lisse, the Netherlands. Additionally 

NeYSV was identified in Amaryllis belladonna (the USA) using RT-PCR with 

degenerate potyvirus primers designed to cover the NIb-CP-3’UTR region. 

Identification was confirmed by electron microscopy and cloning and sequencing 

the amplicon. Sequence data shared a high similarity with NeYSV partial 

sequences on NCBI. Serological analyses (ELISA and Western Blot) using clones 

that expressed the predicted CP of the identified isolate, potyvirus group level 

monoclonal antibody (PTY-2) and NeYSV-specific rabbit antiserum (PPO) reacted 

to indicate infection (Guaragna et al., 2013). Partial NeYSV sequences available 

on NCBI include two from Nerine genus plants (the Netherlands, NC_043153.1, 

EF362621.1), seven from Crinum genus plants (the USA, MG012805.1 and India, 

KJ886934.2, KJ886933.2, KM066971.1, KM066970.1, KM066969.1, 

KM066968.1), two from Amaryllis genus plants (the USA, JX865782.1 and New 

Zealand, FJ618537.1), and one each from Stenomasson genus (the Netherlands, 

EU042758.1), Hymenocallis genus (the Netherlands, EF362622.1), and 

Cyrtanthus genus plants (previously Vallota genus) (New Zealand, DQ407932.1). 

NeYSV particles are 750 nm long (Balasingham, 1989). 

There are no reports regarding NeYSV transmission, however, as a potyvirus it 

may be transmitted by aphids in a non-circulative, non-persistent manner and may 

or may not be mechanically transmissible. It may or may not also be transmitted 

by seed. 

1.9.2.2 Nerine virus Y (NeVY/NVY) 

Balasingham et al. (1988) purified a potyvirus from Nerine sarniensis hybrids, 

which was then used to develop a cloned cDNA probe using size fractionated RNA 

at 1.54kb, 0.56kb and 9.8kb; the 1.54kb was considered sensitive and specific. 

This probe did not hybridise to nerine yellow stripe virus (NeYSV), potato virus y 

(PVY), hippeastrum mosaic virus (HiMV) or bean common mosaic virus (BCMV), 

suggesting it was a distinct potyvirus. The name nerine virus Y (NeVY) was 

proposed. Balasingham et al. (1988) confirmed that two distinct potyviruses could 
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be identified in Nerine. One being NeYSV and the other, an 800 nm virus, 

identified but not taxonomically confirmed as NeVY (Balasingham et al., 1988). 

NeVY or NVY, a potyvirus, has been previously discussed (Eames, 2015; Pearson 

et al., 2009; Limbath et al., 2000; Balasingham, 1988) yet there are no NCBI 

accessions, or listing in the ICTV master species list. Tasmanian Plant Diagnostic 

Services, offered an ELISA assay for this virus but they did not have primer details 

that would be suitable for RT-PCR. NeVY is considered a distinct virus from 

NeYSV (Balasingham, 1988; Limbath, 2000; Pearson 2009). NeVY host range 

appears to be Nerine (Limbath, 2000; Balasingham, 1988; Pearson, 2009) with 

infections reported in New Zealand (Pearson, 2009; Balasingham, 1988) and 

Tasmania (Limbath, 2000).  

NeVY was not mechanically transmitted by crude sap inoculations from Nerine to 

C. amaranticolor, C. quinoa, N. clevelandii, N. glutinosa, N. tobacum and N. 

benthamiana. NeVY has flexuous filamentous particles of ~800 nm long 

(Balasingham, 1989). NeVY was identified in Nerine sp. in New Zealand (Pearson 

et al., 2009) and Tasmania (Limbath, 2000) using ELISA with crude polyclonal 

antisera. It was noted that mixed infections of NeVY and NeLV caused symptoms 

but NeLV alone did not (Pearson, 2009). The NeVY antisera used by Limbath et 

al. (2000) was from DZ Maat, IPO-DLO; while the antisera used by Pearson et al. 

(2009) was from PPO, the Netherlands. 

1.9.2.3 Vallota mosaic virus (ValMV) 

ValMV was first isolated and described by Inouye & Hakkaart (1980), who were 

investigating if Vallota speciosa flower breaking and mosaic leaf patterns were 

from a viral origin, as these symptoms hindered the commercial expansion of this 

crop in the Netherlands. ValMV was then identified in UK Nerine sp. following 

observation of chlorotic leaf lesions (Monger & Mumford, 2008) in Nerine 

sarniensis cv. ‘Stephanie’. The plant had been grown with no symptoms for six 

years but then developed chlorotic leaf lesions. The host range of ValMV appears 

to be Vallota speciosa, Cyrtanthus sp. and Nerine sp., as there are sequences in 

the NCBI database from these plant groups. The geographical range includes the 

Netherlands, the UK, New Zealand and the USA. As a potyvirus it might be 

suggested that ValMV could be transmitted through vegetative propagation as can 

PVY (Bragard et al., 2020; Quenouille et al., 2013). ValMV is non-persistently 

transmissible by Myzus persicae (Inouye & Hakkaart, 1980) and can be 
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transferred by mechanical inoculation (Inouye & Hakkaart, 1980). ValMV virus 

particles are non-enveloped, flexuous filamentous, 750 nm long and 13 nm wide. 

The axial canal and basic helix are obscure (Monger & Mumford, 2008). Monger 

(2007) identified ValMV in N. bowdenii varieties ‘Alba’ and ‘Norfolk Garden’ and N. 

sarnienesis x N. bowdenii ‘Zeal Giant’ using TEM. ValMV particles were identified 

in N. sarniensis varieties, ‘Mandarin’, ‘King Leopold’, ‘Rembrandt’, ‘Purple Robes’, 

‘Curiosity’ and ‘Inchmery Kate’. ValMV sequence data were identified following 

RT-PCR using nucleic acids extracted from Nerine ‘Corusca Major’, ‘Joan’ and 

‘Stephanie’ cultivars, in addition to finding appropriate sized particles using TEM. 

Monger and Mumford (2007) used TEM and plate-trapped ELISA with a broad 

spectrum potyvirus monoclonal antibody (AS-0573) to confirm potyvirus presence. 

This was followed with RT-PCR using potyvirus degenerate primers designed to 

the CP region (Gibbs & Mackenzie, 1997). The product was sequenced 

(EF507688) and shared the highest identity with ValMV (EF441726). A further 14 

Nerine samples were screened, 10 of which gave amplicons of the expected size 

and 2 samples were sequenced (‘Joan’ and ‘Corusca Major’) which were shown to 

be ValMV isolates. NCBI currently holds four partial vallota mosaic virus 

sequences. One from Nerine 'Stephanie', from the UK (EF507688.1), two from 

Nerine sp., New Zealand (NC_043170.1 and FJ618540.1) and one from 

Cyrtanthus elatus, from the USA (EF441726.1). ValMV primers were tested but did 

not amplify products and so ValMV was not pursued further in this investigation. 

1.9.3 Potexvirus  

NVX is a Potexvirus within the Alphaflexiviridae family. Potato virus x (PVX) is the 

type member of Potexvirus. Potexviruses have flexuous rod-shaped particles 

between 470-580 nm long and 13 nm wide and a single +ssRNA molecule 

approximately 5.9 -7.0 kb long. Potexviruses have a 5’ cap and a polyA tail but no 

VPg. There are 2 sub-genomic RNAs (sgRNA) and 5 ORFs expressing replicase, 

the triple gene block (TGB) and coat protein (CP). Replication method is 

conventional positive strand ssRNA system and is associated with a membrane 

structure induced by the TGB proteins (Hull, 2014). Fig.1.9.3.1 illustrates the 

genome organisation of PVX. 
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Fig.1.9.3.1 PVX schematic representation adapted from Hull (2014). 

The potexvirus genome contains five ORFs. ORF1 codes for the viral 

replicase/polymerase (RdRp). ORF2 codes for the TGB1. ORF3 codes for the 

TGB2. ORF4 codes for the TGB3. ORF5 codes for the CP. TGB and CP are 

expressed using sgRNAs (Lee et al., 2000). Viruses use a range of different 

mechanisms to govern this process including; a) initiation on a -strand template 

with the requirement for a sub genomic promoter; b) a -strand is prematurely 

terminated and used as a template for the sgRNA; c) -strand RNA templates are 

made in conjunction with discontinuous RNA synthesis. The majority of sgRNAs 

are translated into structural proteins or those linked to pathogenicity (Sztuba-

Solińska et al., 2011). Miller & Koev (2000) explained that viral genomes code for 

multiple proteins but only the first ORF is translated and sgRNAs can express 

downstream genes. In PVX the RdRp is first translated by the host directly from 

genomic RNA of +strand RNA viruses, then sgRNAs and viral proteins are 

produced (Lico et al., 2015). The structural and/or movement proteins are usually 

required during the intermediate/later infection stages (Miller & Koev, 2000). The 5’ 

cap is required for efficient infection (Knipe & Howley, 2007). The 5’ UTR of PVX 

(for example) is 84 nt, containing an AC rich region (1-41 nt) with cis-acting 

elements necessary for translation efficiency. Mutational analysis identified that 5’ 

UTR sequence and structural elements affect genomic/sgRNA accumulation. 

Structural elements may locate other elements and influence interaction of those 

elements with viral/host proteins. SgRNA accumulation is facilitated by the location 

of conserved octanucleotide regions upstream of the two major sgRNAs and the 

region’s location relative to the start site. Additionally, these conserved 

octanucleotide regions contain conserved hexanucleotide elements that are 

present in the 3’ UTR. This complementarity between the conserved regions of the 
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positive and negative strands is important for genomic/sgRNA accumulation 

(Knipe & Howley, 2007). In addition to regulating genomic/sgRNA synthesis, the 5’ 

UTR is involved in regulation of encapsidation and plasmodesmatal transport 

(Verchot-Lubicz et al., 2007). ORF1 produces the viral replicase that includes an 

N-terminus capping enzyme, a helicase and a polymerase. The helicase of ORF1 

exhibits nucleoside triphosphatase and RNA 5'-triphosphatase activity (in bamboo 

mosaic virus (BaMV)) and is involved in capping the 5’ end in conjunction with the 

N-terminal capping enzyme (Li et al., 2001; Meng & Lee, 2017). Potexvirus 

helicase is classified in Superfamily 1 (Kadarae & Haenni, 1997) and unwinds viral 

RNA (Jankowsky & Fairman-Williams, 2010) during replication and translation 

(Gilhooly et al., 2013). The RNA-dependent RNA polymerase (RdRp) is an 

enzyme that catalyses RNA strand synthesis from an RNA template (Choi, 2012). 

Genomic +RNA is copied to produce –RNA full-length complementary sequences. 

RdRp then transcribes the –RNA to produce copies of the +RNA. ORF1 contains 

conserved motifs of methyltransferase/helicase/polymerase, characteristic of 

alphaviruses. The ORF1 protein is the only viral protein essential for PVX RNA 

synthesis, shown by mutational studies (Knipe & Howley, 2007). ORFs 2-4 encode 

for the TGB or movement proteins. ORF2 encodes TBG1. As an example, TGB1 

protein of PVX gates plasmodesmata, regulates virus translation and is involved in 

suppression of RNA silencing. RNA silencing is an antiviral mechanism that has 

developed in a variety of plants. Plant viruses have evolved ways to suppress the 

RNA silencing mechanism, viral suppressors of RNA silencing (VSRs). VSRs can 

target parts of the silencing pathway including recognition of RNA, dicing, RNA-

induced silencing complex assembly, RNA targeting and amplification (Burgya´n & 

Havelda, 2011). Virus movement is related to the required TGB1 suppressor 

activity (Verchot-Lubicz et al., 2007). The second helicase domain is in TGB1 and 

is involved in viral movement, not replication. The movement function may be 

linked to an energy-dependent step involving ATPase and RNA binding sites as 

found in foxtail mosaic virus (FoMV), (Kadare & Haenni, 1997). ORF3 encodes 

TGB2 which associates with the ER and is required for virus movement. 

Specifically, TGB2 associates with ER-derived vesicles moving along the actin 

network (Verchot-Lubicz et al., 2007). ORF4 encodes TGB3 and it works with 

TGB2 to facilitate viral movement (Verchot-Lubicz et al., 2007). The TGB is a 

group of genes involved in cell-to-cell and long distance viral movement within a 

host plant. Virus-encoded proteins assist with viral movement by targeting viral 
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RNA to the plasmodesmata and increasing the size exclusion limit to allow 

passage of viral particles to the adjacent cell (Morozov & Solovyev, 2003). The 

TGB1 protein encoded by ORF2 is also involved in RNA silencing suppression. 

ORF5 encodes the CP, which is a protective protein shell surrounding the 

infectious nucleic acid. In rod-shaped viruses the helical chain of RNA is arranged 

around a central axial canal on the inner surface of protein sub units (Walkey, 

1985). The CP sub units are polypeptide chains, the arrangement of which vary in 

different viruses and can be visualised using electron microscopy. The CP is 

involved in virus assembly and cell-to-cell movement (Verchot-Lubicz et al., 2007). 

The CP in PVX is also linked to plant disease responses, as it is the elicitor for the 

Rx resistance gene (Verchot-Lubicz et al., 2007). There is a short 3’ UTR. 

Potexvirus 3’ UTR regulates plus- and minus-strand RNA synthesis (Verchot-

Lubicz et al., 2007). PVX RNA has a 72 nt 3’ UTR containing cis-acting elements 

required for initiation of negative strand synthesis. A conserved hexanucleotide 

sequence (5’-ACUUAA-3’) and a downstream U-rich motif (5’-UAUUUUCU-3’) are 

reported in PVX to bind to tobacco host proteins (Knipe & Howlet, 2007). The 

PolyA tail enhances translation when working synergistically with the 5' cap. It is 

involved in translation efficiently and RNA stabilisation (Dreher & Miller, 2006). The 

sgRNAs contain sequences identical to the 3’ end of the viral genome and function 

as mRNAs for the TGB and CP (Knipe & Howlet, 2007). Potexviruses are naturally 

mechanically transmitted (ICTV, 2021e; Rezende et al., 2017; Zanini et al., 2018) 

but sometimes erratically (Duarte et al., 2008).  

1.9.3.1 Nerine virus X (NVX) 

NVX, a potexvirus, was originally detected in Nerine sarniensis by Brunt et al. 

(1970) and then identified using electron microscopy and further described by 

Hakkaart et al. (1975). NVX was then identified using serological methods and 

electron microscopy by Maat (1976) and Phillips & Brunt (1980). Maat (1976) 

described two potexviruses in Nerine, for one he proposed the name nerine virus 

x. Hakkaart et al. (1975) reported that this virus often occurs in mixed infections 

with other viruses in Nerine sarniensis. NVX was identified in Nerine sarniensis 

(Brunt, 1977) and then in Agapanthus africanus (Phillips & Brunt, 1978) with the 

Nerine and Agapanthus isolates considered serologically indistinguishable. A 

potexvirus was then found in Agapanthus praecox subsp. orientalis (Phillips & 

Brunt, 1980) which was serologically indistinguishable from NVX extracted from 
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Nerine sarniensis, yet was more easily sap transmissible to other hosts and 

indicator plants, developed a higher concentration in indicator plants and was 

more easily extracted and purified. This potexvirus was proposed to be an NVX 

isolate and was referred to as the Agapanthus strain (NVX-A) of NVX. Brunt noted 

that NVX was common in some of the stocks tested (co-infecting with NeLV and 

NeYSV) (Balasingham, 1989). NVX was reported as distantly related to other 

potexviruses including clover yellow mosaic virus (ClYMV), hydrangea ringspot 

virus (HRSV), narcissus mosaic virus (NMV), potato virus X (PVX) and viola mottle 

virus (VMV/VMoV) but not related to bamboo mosaic (BaMV), cactus virus X 

(CVX), cymbidium mosaic virus (CyMV), lily virus X (LVX), papaya mosaic virus 

(PapMV) (papaya and ullucus strains), potato aucuba mosaic virus (PAMV) and 

white clover mosaic virus (WClMV) (Maat, 1976; Phillips & Brunt, 1980). NVX 

usually occurs in mixed infections in N.sarniensis, sometimes with arabis mosaic 

virus (AMV), cucumber mosaic virus (CMV), nerine latent virus (NeLV) and one or 

more potyviruses (Hakkaart et al., 1975; Brunt, 1977). NVX host range is thought 

to be Amaryllidaceae, with virus identified in Nerine and Agapanthus. NVX has 

been found in N. fothergilli, N. sarniensis (Salmonae, Rosae) and Nerine sp. 

(Limbath et al., 2000; Brunt et al.,1970; Hakkaart et al.,1975, Phillips & Brunt, 

1980; Maat,1976; Brunt ,1977). NVX has also been found in Agapanthus africanus 

(Phillips & Brunt, 1978), Agapanthus praecox ssp. Orientalis (Phillips & Brunt, 

1980) and Agapanthus campanulatus (Fuji et al., 2006). The geographical range 

of NVX is worldwide. NVX has been identified in plants from the UK (Brunt et al., 

1980), the Netherlands (Haakart et al., 1975), New Zealand (Descriptions of plant 

viruses, 1988: Pearson et al., 2009), Tasmania (Limbath et al., 2000), Japan (Fuji 

et al., 2006) and Taiwan (HQ166713, Chiang et al., unpublished). NVX can be 

transferred by vegetative propagation. Limbath et al. (2000) tested NVX transfer 

rate from mother to daughter plants and found it was 86.8% (33 of 38 daughter 

plants tested positive for NVX originating from mother plants with NVX) in open 

field conditions. In N.fothergilli under insect proof glass house conditions the 

transfer rate was 37.5% (resulting from 3 of 8 bulbs tested). NVX is transmitted by 

mechanical inoculation (Brunt et al., 1996) and was not transmitted by seed in 

Chenopodium quinoa (Phillips & Brunt, 1980). NVX virus particles are flexuous 

and filamentous, not enveloped and measure c. 540 nm x 11 nm (Brunt et al., 

1970; Maat, 1976; Phillips & Brunt, 1980). Maat (1976) identified NVX using 

electron microscopy (virus-like particles resembling a potexvirus) in Nerine 
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manselli and Nerine sarniensis from the Netherlands. Phillips & Brunt (1980) 

identified a potexvirus in Agapanthus (NeVX-A), thought to be an NVX isolate that 

was serologically indistinguishable from NVX isolated from Nerine sarniensis, 

using an antiserum to NeVX-A raised in rabbit. More recently NVX was identified 

in New Zealand Nerine by (DAS)-ELISA (Pearson et al., 2009), Tasmanian Nerine 

by ELISA (Limbath et al., 2000) and Japanese (Fuji et al,, 2006) and Taiwanese 

(Chiang et al., unpublished) Agapanthus using physical and serological properties. 

Limbath et al. (2000) identified NVX using ELISA with crude polyclonal antisera 

from DZ Maat, IPO-DLO, Wageningen, the Netherlands. NVX-infected Nerine 

varieties included N. fothergilli ‘Major’, N. sarniensis ‘Salmonea’, ‘Rosea’, N. 

bowdenii and Nerine sp. Pearson et al. (2009) identified NVX in 5 out of 5 Nerine 

sp. samples using double antibody sandwich enzyme-linked immunosorbent assay 

(DAS-ELISA) with NVX antisera from PPO. NCBI currently holds two complete 

NVX sequences from Agapanthus, one from Japan (NC_007679) and one from 

Taiwan (HQ166713) and two partial RNA-dependent RNA-polymerase (RdRp) 

sequences from Nerine (EF203683) and Agapanthus (EF203684) plants from the 

Netherlands. Potexvirus-like particles from a Nerine sarniensis plant were not 

easily mechanically transmitted to indicator plants (G. globosa, C. amaranticolor, 

C. quinoa, and N. clevelandii) (Maat, 1976). No symptoms were induced/observed 

(Maat, 1976). Potexvirus-like particles from partially purified N. manselli plants 

were easily transmitted to indicator plants (G. globosa, C. amaranticolor and C. 

quinoa) and induced local lesions. Symptoms induced in N. clevelandii were not 

clear. G. globosa and N. clevelandii later became systemically infected and virus 

particles were easily detected in the indicator plants (Maat, 1976). Successful 

mechanical transmission from N. manselli was not achieved when crude extracts 

were used (Maat, 1976). Balasingham (1989) was not able to mechanically 

transfer NVX to indicator plants. 

1.9.4 Cucumovirus 

Cucumoviruses are non-persistently aphid transmitted. The type species is 

cucumber mosaic virus (CMV) (ICTV, 2021f). Particles are isometric, 27 nm in 

diameter and come in three components. Component B houses RNA1, component 

M houses RNA2 and component T houses RNA3. RNA1 codes for ORF1, RNA2 

for ORFS 2a and 2b, RNA3 for ORF 3a and CP (Palukaitis and García-Arenal, 

2003).  
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1.9.4.1 Cucumber mosaic virus (CMV) 

Cucumber mosaic virus (CMV), a Cucumovirus within Bromoviridae has been 

reported in Nerine sp. from the Netherlands (Hakkaart et al., 1975) and Tasmania 

(Limbath et al., 2000) using ELISA with a commercially available antiserum to 

CMV. Varieties infected with CMV included N. flexuousa ‘Alba’, and N. sarniensis 

‘Salmonea’. Additionally, CMV causes economic diseases in many crop plants and 

has a large host range (Palukaitis and García-Arenal, no date). CMV geographical 

range is worldwide in temperate and tropical climates. CMV host range is large 

and includes over 1200 species in > 100 dicotyledonous and monocotyledonous 

families (Palukaitis and García-Arenal, no date). CMV is sometimes transmitted 

through seed and can be easily transmitted by mechanical inoculation (Palukaitis 

and García-Arenal, no date). CMV is transmitted non-persistently by aphids 

(Palukaitis and García-Arenal, no date). CMV has a three-component genome 

(with a 4th particle of sub-genomic RNA), packaged in icosahedral particles, 

approximately 30 nm wide (Palukaitis and García-Arenal, no date). NCBI currently 

holds 11,399 entries for CMV, potentially reflecting its broad host range, as a 

prolific and promiscuous virus. CMV primers were tested but did not amplify 

products and so CMV was not pursued further in this investigation. 

1.10 Project aims 

The aims of this study were to: 

• Determine if the Nerine sp. plants we had access to were infected with virus 

(Chapter 3). 

• Obtain full-length sequence of any viruses identified (Chapter 4). 

• Develop tests and survey populations to investigate the extent of viral 

infection in Nerine throughout the UK (Chapter 5). 

• Explore micropropagation culture techniques for development of virus-free 

plants from virus-infected plants (Chapter 6). 
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Chapter 2 Methods 

2.1 Plant maintenance, sample collection and storage 

Nerine plants were collected from growers prior to the start of the project and 

maintained in the Laud glasshouse at Canterbury Christ Church University, North 

Holmes Road. Soil mix included nursery compost with 25% horticultural grit and 

approximately 2.5g/L of granulated fertiliser and 2.5 g/L of bonemeal. The 

glasshouse was unheated from March-November and heated from December to 

February to prevent frost. Plants were watered and fed with liquid plant food as 

required during the growing season and sparingly watered during dormant periods. 

Nerine sarniensis types were kept dry May to August and watered as required 

August to April and fed with high potash feed as required. Plants were moved to 

new pots during July/August if required. Leaves for assays were collected from the 

glasshouse plants or sent in from growers around the UK. Leaves were collected 

from glasshouse plants (for future processing) and were wrapped in foil, labelled, 

flash frozen in liquid nitrogen and then stored at -80°C.  

2.2 RNA extraction  

RNA extraction was performed using the Qiagen RNeasy® Plant Mini Kit (product 

code 74904) as per manufacturer’s instructions. A maximum of 100 mg of material 

was cut from the leaf and dropped into a liquid-nitrogen–cooled pestle/mortar for 

disruption. The leaf was ground under liquid nitrogen using the pestle mortar until 

it was a fine fluffy powder. The powder was decanted to a liquid-nitrogen–cooled 

RNAse-free 1.5 ml Eppendorf tube using a sterilised pre-cooled spatula. The liquid 

nitrogen was allowed to evaporate but before the tissue could thaw, 450 µl of 

buffer RLT/RLC was added by pipette. The Eppendorf lid was shut and then the 

tube was vigorously vortexed. The lysate was transferred to a QIAshredder spin 

column (that was placed inside a 2 ml collection tube) using a 1 ml pipette tip with 

the end cut off, as this more easily transferred the liquid and plant material. The 

QIAshredder inside the collection tube was centrifuged at full speed for 2 minutes. 

The supernatant of the flow-through was transferred to a new 1.5 ml Eppendorf 

tube without disturbing the cell-debris pellet. The volume of the supernatant was 

noted and 0.5 volume of ethanol (96-100%) was added to the cleared lysate and 

mixed immediately by pipetting. The sample was transferred, with any precipitate, 

to an RNeasy Mini Spin column, placed in a 2 ml collection tube. The lid was 
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closed and the spin column in the collection tube was centrifuged for 15 seconds 

at ≥8000 x gravity (g) (≥10,000 revolutions per minute (rpm)). The flow-through 

was discarded, then 700 µl of buffer RW1 was added to the RNeasy spin column, 

the lid was closed and the column in the collection tube was centrifuged for 15 

seconds at ≥8000 x g. The flow-through was discarded and then 500 µl of buffer 

RPE was added to the RNeasy spin column. The lid was closed and the column in 

the collection tube was centrifuged for 15 seconds at ≥8000 x g. The flow-through 

was discarded and 500 µl of buffer RPE was added to the RNeasy spin column, 

the lid was closed and the column in the collection tube was centrifuged for 2 

minutes at ≥8000 x g. The flow-through was discarded and the RNeasy spin 

column was placed inside a new collection tube. The spin column in the new 

collection tube was centrifuged at full speed for 1 minute to dry the membrane. 

The RNeasy spin column was placed inside a new 1.5 ml Eppendorf tube and then 

30-50 µl of RNase-free water was added directly to the spin column membrane. 

The lid was closed and the spin column inside the 1.5 ml tube was centrifuged for 

1 minute at ≥8000 x g to elute the RNA. If the expected RNA yield was high (>30 

µg), the elution step was repeated using another 30–50 µl of RNase-free water. If 

high RNA concentration was required, the previous eluate was used and passed 

back to the membrane using a pipette and reusing the collection tube from the 

previous elution. The lid was closed and the tube was centrifuged for 1 minute 

≥8000 x g to elute the RNA. The RNA was placed immediately on ice and then 

stored at -80°C. 

2.3 DNA extraction 

DNA was extracted using a DNeasy Plant Pro Kit (Qiagen, 69204) by combining 

100 mg of plant tissue (cut into small bits) and 500 µl Solution CD1 in a 2 ml tissue 

disruption tube. The tube was briefly vortexed. Samples were homogenised by 

vortexing at maximum speed for 10 minutes. The disruption tubes containing the 

samples were then centrifuged for 2 minutes at 12,000 x g. The supernatant was 

transferred to a clean 1.5 ml Eppendorf tube and 200 µl of solution CD2 was 

added to the supernatant, then the tube was vortexed for 5 seconds. The tube was 

centrifuged at 12,000 x g for 1 minute at room temperature. The supernatant was 

transferred to a new 1.5 ml Eppendorf tube without disturbing the pellet and 500 µl 

of buffer APP was added to the tube and it was vortexed for 5 seconds. Then 600 

µl of the lysate was loaded onto an MB Spin Column and centrifuged at 12,000 x g 
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for 1 minute. The flow-through was discarded and the step repeated until all the 

lysate has been passed through the MB Spin Column. The MB Spin Column was 

placed into a new 2 ml collection tube without allowing any of the flow-through to 

come into contact with the column and then 650 µl of buffer AW1 was added to the 

MB Spin Column and it was centrifuged at 12,000 x g for 1 minute. The flow-

through was discarded and the MB Spin Column was placed back into the same 2 

ml collection tube, then 650 µl of buffer AW2 was added to the MB Spin Column 

and it was centrifuged at 12,000 x g for 1 minute. The flow-through was discarded 

and the MB Spin Column was placed back tin to the same 2 ml collection tube and 

centrifuged at 16,000 x g for 2 minutes. The MB Spin Column was placed into a 

new 1.5 ml Eppendorf tube and 50 µl of buffer EB was added to the centre of the 

membrane of the MB Spin Column and the tube was centrifuged at 12,000 x g for 

1 minute to elute the DNA. DNA was stored at -20°C. 

2.4 RNA/DNA quantification  

RNA quantification was performed using the Invitrogen™ Quant-iT™ Qubit Assay 

Kit (e.g. RNA Broad Range Assay kit product code Q10210) and a Qubit 2.0 

Fluorometer as per manufacturer’s instructions. Two Qubit assay tubes were set 

up for the standards and one tube for each sample. To prepare 200 µl of Qubit® 

Working Solution for each standard and sample, the Qubit® RNA BR Reagent was 

diluted 1:200 in Qubit® RNA BR Buffer. The standard tubes were prepared by 

adding 190 µl of working solution and 10 µl of standard. One tube per standard. 

Sample tubes were prepared by adding 180-199 µl working solution and 1-20 µl 

sample. The more sample that was used, the more accurate the reading was likely 

to be. Standard and samples tubes had their lids closed and were vortexed for 2-3 

seconds and incubated at room temperature for 2 minutes. The appropriate assay 

name (e.g. broad range/high sensitivity RNA/DNA) was selected on the Qubit® 2.0 

Fluorometer and machine instructions were followed. Each new session required 

new standards. Standards were read by the machine one at a time and the graph 

was drawn on the machine graphical user interface. The samples were then read. 

The tube is placed into the receptacle when prompted and the machine reads the 

sample. A reading is given for the tube in μg per ml of the sample tube. The 

reading can be changed to give stock concentrations by inputting how much 

RNA/DNA was used in the Qubit sample. 
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2.5 Reverse transcription (RT) of RNA to cDNA 

Reverse transcription (RT) of RNA to cDNA was performed using the 

TakaraBio/Clontech RNA to cDNA EcoDry™ Premix (Double Primed) (product 

code 639547) as per manufacturer’s instructions. To prepare each reaction, 5 ng–

5 μg of total RNA was diluted in RNase-free H2O to give a final volume of 20 μl. 

The 20 μl  RNA/ H2O mix was pipetted into each tube of RNA to cDNA EcoDry 

Premix that was required. The solution was mixed by pipetting. The lid was shut 

and incubated at 42°C for 60 min and then the reaction stopped by heating at 

70°C for 10 min, incubation and heating were carried out in a thermocycler. The 

cDNA was then used or stored at -20°C. 

2.6 Polymerase chain reaction (PCR) 

PCR was performed using either BioBasic Taq DNA Polymerase (product code 

HTD0078) or Thermo Scientific™ DreamTaq Green PCR Master Mix (2X) (product 

code K1081) as per manufacturer’s instructions. 

2.6.1 BioBasic Taq DNA Polymerase  

Reactions (50μl) using BioBasic Taq DNA Polymerase included 1 μl cDNA, 5 μl 

PCR buffer, 4 μl 2.5mM dNTPs, 5 μl MgSO4, 1 μl sense primer, 1 μl antisense 

primer, 0.2 μl Taq and 32.8 μl nuclease-free H2O. Cycling conditions were; initial 

denaturation at 94°C for 4 minutes; 30 cycles of denaturation at 94°C for 30 

seconds, annealing specific to primers for 30 seconds and extension at 72°C for 

30 seconds with a final extension at 72°C for 10 minutes.  

2.6.2 DreamTaq Green PCR Master Mix (2X) 

The DreamTaq Green PCR master mix (2x) was thawed on iced and vortexed, 

then briefly centrifuged. The following components were combined in a thin-walled 

PCR tube for a 50 µl reaction; 25 µl of DreamTaq Green PCR master mix (2x), 

0.1-1.0 µM of forward primer, 0.1-1.0 µM of reverse primer, 10 pg - 1 µg of 

template DNA and was made up to 50 µl with nuclease-free water. Samples were 

gently vortexed and spun down. A thermocycler with a heated lid was used. PCR 

was undertaken using the following thermal cycling conditions; initial denaturation 

at 95°C for 1-3 minutes for 1 cycle; denaturation at 95°C for 30 seconds, annealing 

Ta (specific to primers) for 30 seconds, extension* at 72°C for 1 minute for 25-40 

cycles followed by a final extension at 72°C for 5-15 min for 1 cycle. * The 
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recommended extension is 1 minute for products up to 2 kb. For longer products, 

the extension time was increased by 1 minute/kb. 

2.7 Gel electrophoresis and visualisation of fragments 

Gel electrophoresis was performed using a 0.8% Tris-acetate-EDTA (TAE) 

agarose gel stained with SybrSafe DNA gel stain and run at 70 volts for 60 

minutes or until adequate fragment separation was achieved. Where BioBasic Taq 

polymerase kit was used, 0.5 μl was added to each PCR sample prior to loading 1-

5 μl of PCR sample to a well. Where DreamTaq 2 x Master Mix was used, no 

loading dye was required and 1-5 μl of PCR sample was loaded directly to a well. 

Visualisation of gel-electrophoresed fragments was performed using a BioRad 

GelDoc as per manufacturer’s standard settings for SybrSafe-stained gels.  

2.8 Extraction of DNA fragments from agarose gel 

Extraction of fragments from agarose gels was performed using either the Qiagen 

QIAEX II Gel Extraction Kit (product code 20021) or the Macherey-Nagel™ 

NucleoSpin™ Gel and PCR Clean-up Kit (product code 740609.250) as per 

manufacturer’s instructions. 

2.8.1 Qiagen QIAEX II Gel Extraction Kit 

The DNA band of interest was excised from the agarose gel with a clean, sharp 

scalpel over a UV light box in a dark room. The DNA band in the gel was put into a 

sterile, pre-weighed 1.5 ml Eppendorf tube. A maximum of 250 mg of agarose gel 

was processed per 1.5 ml Eppendorf tube. The tube with the gel inside was 

weighed again and the tube weight alone was subtracted from the tube and gel 

weight, giving the gel weight. The amount of QX1 buffer to add was calculated 

using the following; 6 volumes for <100 bp; 3 volumes for 100 bp – 4 kb; 3 

volumes with 2 volumes of water for >4 kb. The QIAEXII tube was vortexed 

vigorously for 30 seconds, the amount of QIAEXII to add was calculated using the 

following; 10 µl QIAEX II for ≤2 µg DNA; 30 µl for 2–10 µg DNA; and an additional 

30 µl for each additional 10 µg DNA. Once the QIAEXII was added, the tube lid 

was closed and the tube was incubated at 50°C for 10 min to solubilise the 

agarose and bind the DNA. The solution was mixed by vortexing every 2 minutes 

to the QIAEXII in suspension. The sample was then centrifuged for 30 seconds 

and the supernatant was carefully removed with a pipette. The pellet was washed 
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with 500 µl of buffer QX1 and the pellet resuspended by vortexing. The sample 

was then centrifuged for 30 seconds and all traces of supernatant were removed 

using a pipette, which removed residual agarose contaminants. The pellet was 

washed with 500 µl of buffer PE and then resuspended by vortexing, centrifuged 

for 30 seconds and then all supernatant was removed with a pipette. The pellet 

was again washed with 500 µl of buffer PE and then resuspended by vortexing, 

centrifuged for 30 seconds and then all supernatant was removed with a pipette, to 

remove residual salt contaminants. The pellet was air-dried for 10-15 minutes or 

until the pellet became white. DNA was eluted by adding 20 µl of 10 mM Tris Cl, 

pH 8.5, TE buffer (10 mM Tris·Cl, 1 mM EDTA, pH 8.0) or water and the pellet 

resuspended by vortexing. The solution was incubated according to fragment size 

as follows; 5 min at room temperature (15–25°C) for ≤4 kb; 5 min at 50°C for 4–10 

kb; or 10 min at 50°C for >10 kb. Following incubation, the tube was centrifuged 

for 30 seconds and the supernatant, which contained the DNA, was carefully 

pipetted into a clean tube. The DNA yield was increased by repeating the elution 

step with new Tris Cl/TE/H2O and combining the eluates. 

2.8.2 Macherey-Nagel™ NucleoSpin™ DNA extraction from agarose gel 

The DNA band of interest was excised from the agarose gel with a clean, sharp 

scalpel over a UV light box in a dark room, with excessive agarose removed. The 

DNA band in the gel was put into a sterile, pre-weighed 1.5 ml Eppendorf tube. 

The weight of the gel slice was determined by weighing the tube plus gel and 

subtracting the tube weight to give the gel weight. For each 100 mg (<2%) agarose 

gel, 200 µl buffer NTI was added. The sample was incubated in a heated block at 

50°C for 5-10 minutes and vortexed every 2-3 minutes until the gel slice was 

completely dissolved. The DNA was bound by placing a NucleoSpin column into a 

2 ml collection tube, up to 700 µl of sample was loaded onto the spin column at 

one time. The column inside the collection tube was centrifuged for 30 seconds at 

11,000 x g. The flow-through was discarded and the spin column was placed back 

into the collection tube. Remaining sample was loaded to spin column and 

centrifuged in the same way. The silica membrane was washed by loading 700 µl 

butter NT3 to the spin column. It was centrifuged for 30 s at 11,000 x g, with the 

flow-through then being discarded. The silica membrane washing step was 

repeated to minimise chaotropic salt carry-over. The silica membrane was dried by 

centrifugation for 1 minute at 11,000 x g to remove buffer NT3. The silica 
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membrane drying step was increased to 3 minutes to fully dry the membrane. 

Total removal of ethanol was achieved by incubating the columns for 2–5 min at 

70°C prior to elution using a heated block with the Eppendorf lids cracked but with 

a plastic cover to keep the tube clean. DNA was eluted by placing the spin column 

into a new 1.5 ml Eppendorf tube. 15–30 µl buffer NE was added and the pin 

column was incubated at room temperature (18–25°C) for 1 minute, the 

centrifuged for 1 minute at 11,000 x g. Elution of DNA fragments of > 1000 bp was 

improved by doing multiple elution steps with fresh buffer NE, heating to 70°C and 

incubating for 5 minutes. NE buffer was used when the fragments were intended 

for cloning applications but H2O was used when the fragment were intended for 

Sanger sequencing as kit buffers are not recommend for this purpose by DBS 

genomics. 

2.9 Clean-up of fragments from PCR solution 

Clean up of fragments from PCR solution was performed using Macherey-Nagel™ 

NucleoSpin™ Gel and PCR Clean-up Kit (product code 740609.250) or the 

Qiagen QIAquick PCR Purification Kit (product code 28104) as per manufacturer’s 

instructions. 

2.9.1 Macherey-Nagel™ ™ Gel and PCR Clean-up Kit for PCR clean-up   

Any samples < 30 µl were adjusted to 50-100 µl with H2O. To prepare a reaction, 1 

volume of sample was mixed with 2 volumes of buffer NTI (e.g., 100 µl PCR 

reaction and 200 µl buffer NTI were mixed). DNA was bound by placing a spin 

column into a 2 ml collection tube and loading up to 700 µl of PCR solution. The 

spin column inside the collection tube was centrifuged for 30 seconds at 11,000 x 

g, the flow-through was discarded and the spin column placed back inside the 

collection tube. Remaining PCR solution was load and centrifuged in this way. The 

silica membrane was washed by loading 700 µl butter NT3 to the spin column and 

centrifuged for 30 seconds at 11,000 x g, with the flow-through then being 

discarded. The silica membrane washing step was repeated to minimise 

chaotropic salt carry-over. The silica membrane was dried by centrifugation for 1 

minute at 11,000 x g to remove buffer NT3. The silica membrane drying step was 

elongated to 3 minutes to fully dry the membrane. Total removal of ethanol was 

achieved by incubating the columns for 2–5 minutes at 70°C prior to elution using 

a heated block with the Eppendorf lids cracked but with a plastic cover to keep the 
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tube clean. DNA was eluted by placing the spin column into a new 1.5 ml 

Eppendorf tube and then 15–30 µl buffer NE was added and the spin column was 

incubated at room temperature (18–25°C) for 1 minute, then centrifuged for 1 

minute at 11,000 x g. Elution of DNA fragments of > 1000 bp was improved by 

doing multiple elution steps with fresh buffer NE, heating to 70°C and incubating 

for 5 minutes. NE buffer was used when the fragments were intended for cloning 

applications but H2O was used when the fragment were intended for Sanger 

sequencing, as kit buffers are not recommend for this purpose by DBS Genomics. 

2.9.2 Qiagen QIAquick PCR Purification  

Five volumes of buffer PB were added to 1 volume of the PCR solution and mixed 

by pipetting. A spin column was placed into a 2 ml collection tube, the sample 

applied and the DNA was bound by centrifuging the sample for 1 minute. The flow-

through was discarded and the spin column placed back into the collection tube. 

The membrane was washed by loading 750 µl buffer PE to the spin column and 

centrifuging for 1 minute. The flow-through was discarded and the spin column 

placed back into the collection tube. Residual wash buffer was dried from the 

membrane by centrifuging for 1 min. The spin column was placed into a new 1.5 

ml Eppendorf tube. The DNA was eluted by loading 50 µl buffer EB (10 mM Tris 

Cl, pH 8.5) or water (pH 7.0–8.5) to the centre of the membrane and centrifuging 

for 1 minute. For increased DNA concentration to buffer volume was reduced to 30 

µl and was allowed to sit on the membrane for 1 minute before centrifuging for 1 

minute. EB buffer was used when the fragments were intended for cloning 

applications but H2O was used when the fragment were intended for Sanger 

sequencing, as kit buffers are not recommend for this purpose by DBS Genomics. 

2.10 Cloning 

Cloning of DNA fragments into TA vectors was performed using the Invitrogen™ 

TA Cloning™ Kit, with pCR™2.1 Vector and One Shot™ INVαF' Chemically 

Competent Escherichia coli (E. coli) (product code K200001) or the QIAGEN PCR 

Cloningplus Kit (product code 231222) as per manufacturer’s instructions. 
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2.10.1 TA Cloning into pCR™2.1 Vector and transformation into INVαF' 

Chemically Competent E. coli  

PCR products less than 1 day old were used for ligation, to minimise the 

degradation of the single 3’ A overhangs. The amount of PCR product to use in 

each ligation reaction was calculated using the following equation for a 1:1 

(vector:insert) molar ratio. The following formula was used to estimate the amount 

of PCR product needed to ligate with 50 ng (20 fmoles) of pCR®2.1 vector; x ng 

PCR product = (y bp PCR product)(50 ng pCR®2.1 vector)/(size in bp of the 

pCR®2.1 vector: ~3900). Ligation was completed by setting up a 10 µl reaction (in 

either a 1.5 ml Eppendorf tube or a PCR tube) with the pre-calculated amount of 

PCR product, 2 µl of 5X T4 DNA Ligase Reaction Buffer, 2 µl of pCR®2.1 vector 

(25 ng/µl), 9 µl H2O and 1 µl ExpressLinkTM T4 DNA Ligase (5 units). The ligation 

reaction was incubated at room temperature for a minimum of 15 minutes. It was 

either used immediately for a transformation or stored at −20°C. Transformation 

was undertaken by centrifuging the tubes containing the ligation reactions briefly 

and putting them on ice. Once the ligation reactions were on ice, one 50 µl tube of 

frozen competent cells were thawed on ice for each transformation and 2 µl of 

each ligation reaction were directly pipetted into the tube of competent cells and 

gently mixed by stirring with the pipette tip. Tubes containing the cells and ligation 

reaction were then incubated on ice for 30 minutes and remaining ligation reaction 

was stored at −20°C. The tubes containing the competent cells and ligation 

reaction were then heated shocked for 30 seconds at 42°C without shaking (using 

a pre-heated water bath) and immediately transferred to ice followed by the 

addition of 250 µl of room temperature Super Optimal broth with Catabolite 

repression (S.O.C.) medium to each reaction, lids were closed and sealed with 

parafilm and then the tubes were shaken horizontally at 37°C for 1 hour at 225 

rpm in a shaking incubator. The transformed cell solutions in S.O.C were removed 

from the shaking incubator and opened close to a Bunsen burner in a sterile 

benchtop environment. To inoculate the plates; 50-200 µl (for INVαF´ cells) of the 

cell/ligation mix was spread onto the surface of Luria Broth (LB) plates containing 

X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside) and 100 µg/ml 

ampicillin, in at least two different volumes to ensure that one plate had well-

spaced colonies. Plates were incubated upside down overnight at 37ºC. In the 
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morning plates were transferred to 4°C for 2–3 hours to allow for proper colour 

development. 

2.10.2 QIAGEN PCR Cloning plus Kit  

The amount of PCR product to use in the ligation reaction was determined by 

consulting Table 2.10.2.1 and the equation to determine the amount of PCR 

product to use in a ligation reaction with the vector pDrive was as follows; ng PCR 

product required = (50 ng x PCR product size (bp) x molar ratio)/3851 bp. 

Reagents 2x ligation master mix, pDrive cloning vector and distilled H2O were 

thawed on ice and completely mixed to avoid localisation of salt concentrations in 

solution. Reagents were kept on ice and stored at -20°C after use. A ligation 

reaction was prepared by adding 1 μl of pDrive Cloning Vector (provided at 50 

ng/μl), 1-4 μl of PCR product (purified PCR product, if non-purified PCR product 

was used, no more than 2 μl would be added to the ligation reaction), depending 

on the calculation that was made, H2O to make the reaction up to 10 μl and finally 

adding 5 μl of the 2x ligation master mix. The ligation reaction was briefly mixed by 

gently pipetting the solution up and down a few times and then it was incubated for 

at least 30 min at 4–16°C. The ligation reaction mixture was then used 

immediately in a transformation or was stored at -20°C until use. 

PCR product size  5-times molar excess*  10-times molar excess* 

100 bp  13 ng 13 ng 

200 bp  13 ng  26 ng 

500 bp 32.5 ng  65 ng 

1000 bp  65 ng  130 ng 

1500 bp  97.5 ng  195 ng 

2000 bp  130 ng  260 ng 

3000 bp  195 ng  390 ng 

Table 2.10.2.1 Guide for the amount of PCR product to use in the ligation reaction 

 

2.10.3 Transformation 

The appropriate number of tubes of Qiagen EZ competent cells were thawed on 

ice. S.O.C. medium was thawed and warmed to room temperature. One-two μl of 

the ligation reaction solution was added per tube of EZ competent cells, mixed 

gently by gently flicking the tube a few times, not by pipetting up and down, and 

then incubated on ice for 5 minutes. Competent cell and ligation reaction 

mixture(s) were then heated in a pre-heated water bath at 42°C for 30 seconds 

without shaking, by floating the tube(s) in a small foam square with holes cut in it. 
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The tube(s) were incubated on ice for 2 minutes and then 250 μl of room 

temperature S.O.C. medium was added to each transformation and the 

transformation mixture was plated directly onto LB agar plates containing 100 

µg/ml ampicillin under a sterile Bunsen burner bench environment. The 

transformation mixture was spread with a sterile bent glass rod and different 

amounts of each transformation mixture were spread onto separate plate (e.g., 

100 μl and 20 μl) to ensure good separation of colonies for subsequent single 

colony isolation. Plates were incubated right way up at room temperature until the 

transformation liquid had absorbed into the agar. The plates were then inverted 

and incubated overnight at 37°C. The following morning plates were moved to a 

4°C environment for a few hours to enhance the blue colour development of the 

blue/white screening element. Single colonies were picked under sterile benchtop 

environment by using a 1000 μl pipette tip as a scoop and placing the whole tip 

into a sterile 5 ml LB broth containing 100 µg/ml ampicillin. Eight to ten single 

colonies were picked from each transformation, if possible. Broths were shaken 

overnight at 37°C, 225 rpm. Extraction of DNA from E.coli was performed using 

the QIAprep Spin Miniprep Kit (product code 27106) as per manufacturer’s 

instructions. 

2.11 QIAprep Spin Miniprep Kit  

To start to Miniprep process, 3 ml of bacterial overnight culture was pelleted by 

centrifugation at >8000 rpm (6800 x g) for 3 minutes at room temperature (15–

25°C). Pelleted bacterial cells were resuspended in 250 μl buffer P1, then 250 μl 

buffer P2 was added and the solution thoroughly mixed by inverting the tube 4-6 

times until the solution turned clear. This lysis step was not allowed to continue for 

longer than 5 minutes. Following the lysis step, 350 μl buffer N3 was added and 

the solution was thoroughly mixed by inverting the tube 4-6 times, then the tubes 

were centrifuged for 10 minutes at 13,000 rpm (~17,900 x g). Following 

centrifugation, 800 μl of the supernatant was loaded to the QIAprep 2.0 spin 

column by pipetting. It was important to only take clear liquid and none of the white 

stringy substance that lay along one side of the tube. The spin column was 

centrifuged for 1 minute and the flow-through was discarded. The spin column was 

washed by loading 500 μl buffer PB and centrifuging for 1 minute, the flow-through 

was discarded. The spin column was washed again by loading 750 μl buffer PE 

and centrifuging for 1 minute, the flow-through was discarded. The spin column 
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was then transferred to a collection tube and was centrifuged for 1 minute to 

remove residual wash buffer. Once confident the membrane was dry, the spin 

column was transferred to a new 1.5 ml Eppendorf tube. The DNA was eluted by 

adding 50 μl buffer EB (10 mM Tris Cl, pH 8.5) or H2O to the spin column, letting it 

stand for 1 minute and then centrifuging for 1 minute. The eluted DNA was kept on 

ice or stored at -20°C. The presence of DNA inserts in the vector was then 

checked using restriction enzyme digestion with EcoRI. 

2.12 Restriction enzyme digestion with EcoRI protocol 

Reagents were thawed on ice and the following combined in a sterile 1.5 ml 

Eppendorf tube or PCR tube; 1 μl of EcoR1 enzyme, 2 μl of DNA from the 

miniprep protocol, 2 μl of EcoR1 buffer and 15 μl of H2O. The contents were gently 

mixed and pulsed in a centrifuge to bring the contents to the bottom of the tube. 

The tube was incubated at 37°C for 2 hours. The digestions could then be 

visualised on an agarose gel, following the addition of 0.5 μl of loading dye. Please 

see the agarose gel and visualisation methods. Plasmids with the expected sized 

inserts could then be sent for Sanger sequencing. 

2.13 Sanger sequencing of samples by DBS Genomics (Durham University)  

Plasmids with appropriate sized inserts were quantified (protocol in 2.4 RNA/DNA 

quantification) and sent for Sanger sequencing at DBS Genomics (Durham 

University) with M13 forward/reverse primers, which are standard primer sites 

incorporated into the plasmid. The recommended concentration of plasmid DNA to 

send for sequencing was 10-250 ng/μl with 125 ng total DNA required for one 

reaction. M13 forward and reverse primers were stocked as standard at DBS 

Genomics but any specific primers were diluted to 3.2 pM and sent along with the 

plasmids. Separate tubes containing plasmids and/or primers had their lids 

secured by parafilm, put in plastic bags and sent in a padded envelope by post to 

DBS Genomics. DBS Genomics used an Applied Biosystems 3730 capillary 

instrumentation to Sanger sequence the samples. Sequence data were then 

emailed back from DBS Genomics for processing and analysis. For sequencing of 

non-plasmid templates the requirements for samples were; large templates 

recommended concentration 100-500 ng/μl with 500-100 ng total DNA required for 

one reaction; PCR fragments recommended concentration 10-250 ng/μl with 5 ng 

per 100 bp of product required for one reaction. 
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2.14 Processing and basic analysis of sequence data 

Two computer file types, ‘.ab1’ and ‘.seq’ were returned from DBS Genomics 

following Sanger sequencing. To process and analyse the sequence data, the 

‘.ab1’ files were loaded into Sequencher software (Gene Codes). Poor quality 

sequences were trimmed from the beginning and end of reads and primer 

sequences were removed. Remaining sequences were aligned to the reference in 

Sequencher for forward and reverse fragments. Sequences were checked for 

ambiguities and if concerned, the chromatograms were used to determine the 

base. Sequences or consensuses were then compared to the NCBI database 

using the Basic Local Alignment Search Tool (BLAST). The BLAST algorithms and 

programs are available online and as downloads. The BLAST series are available 

for nucleotide (BLASTn) and protein (BLASTp) sequences and for translated 

protein (BLASTx) sequences. The BLAST programs find regions of similarity 

between biological sequences (nucleotide/amino acid). The programs compare 

nucleotide or protein sequences to sequence databases and calculates the 

statistical significance of the comparisons. 

2.15 Dot blot assay 

A Dot Blot hybridisation assay to identify NeLV, NeYSV and NVX viruses in Nerine 

plant samples was designed and tested as a potential first stage screening 

alternative to RT-PCR using plant sap or crude nucleic acid extractions. The dot-

blot technique uses complementary single-stranded sequences of a probe (RNA 

or DNA) to hybridise with single-stranded sequences of a test sample (RNA or 

DNA). It was hoped this assay may have reduced time/cost input for preparing and 

screening large sample sets. Four methods of sample preparation were used to 

extract nucleic acids; neat sap, crude extract, precipitated extract and extraction 

buffer precipitated extract. 

2.15.1 Neat sap 

Approximately 2 cm2 fresh leaf sections were finely ground in 0.1 M phosphate 

buffer. The solution was transferred to a 1.5 ml Eppendorf tube and stored at -20 

°C until required. 
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2.15.2 Crude extract 

Followed process for neat sap as detailed previously, then 500 μl of neat sap was 

mixed with 500 μl of phenol/chloroform. The mixture was vortexed, centrifuged at 

24,000 rpm for 5 minutes and then 400 μl of the supernatant was transferred by 

pipette to a 1.5 ml Eppendorf tube and stored at -80 °C until required. 

2.15.3 Precipitated extract  

Followed process for crude extract as detailed previously, then 40 μl of 3 M 

ammonium acetate and 880 μl of ice-cold ethanol absolute were added to the 

crude extract. The solution was mixed by inverting and then cooled to -20°C for 30 

minutes or overnight. The solution was centrifuged at 20,000 rpm for 10 minutes. 

The aqueous phase was pipetted off and the pellet was washed with fresh 70% 

ethanol, re-suspended and then centrifuged at 13,300 rpm for 10 minutes. The 

aqueous phase was pipetted off and the pellet was air-dried for 10 minutes, then 

re-suspended in 50 μl of RNAse-free H2O. 

2.15.4 Extraction buffer precipitated extract 

Fresh or frozen leaf was ground in liquid nitrogen, then 700 μl nucleic acid 

extraction buffer (10 mM NaCl, 20 mM Tris HCl pH 8.0, 1mM EDTA [Fan & Gulley, 

2001]) was added and the solution mixed by vortexing. Then 700 μl 

phenol/chloroform/isoamyl alcohol mixture was added, mixed by vortexing and 

centrifuged at 24,000 rpm for 10 minutes. Following centrifugation, 400 μl of 

supernatant was removed by pipetting to a new 1.5 ml Eppendorf tube and 40 μl of 

3 M ammonium acetate and 800 μl of ice-cold ethanol absolute were added. This 

solution was kept overnight at -20°C to allow nucleic acids to precipitate. The 

solution was centrifuged at 24,000 rpm for 20 minutes and the supernatant was 

discarded by pipetting. The pellet was washed and re-suspended in ice-cold 70% 

ethanol and then centrifuged at 13,300 rpm for 10 minutes. The supernatant was 

discarded by pipetting and the pellet air-dried for 10 minutes prior to re-suspension 

in 30 μl of molecular biology grade H2O. Samples were stored at -80 °C until 

required.  

2.15.5 Production of a positive control  

Cloning viral coat protein (NeLV and NeYSV) or RdRp (NVX) DNA fragments into 

TA vectors created positive controls (NeLV, NeYSV and NVX) for the dot blot 
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hybridisation assay. An overview of steps is presented followed by the detailed 

method. This was undertaken by amplifying Nerine cDNA primers designed to CP 

for NeLV and NeYSV and RdRp for NVX, clean-up of amplified fragments, cloning 

of DNA fragments into TA vectors, transformation into E.coli competent cells, 

growth of cells, extraction of insert-containing vector, checking presence of insert 

using EcoRI restriction enzyme digestion, gel electrophoresis, Sanger sequencing 

and BLAST alignment. PCR was performed using BioBasic High Purity Taq 

Polymerase (50μl reaction; 1 μl cDNA, 5 μl PCR buffer, 4 μl 2.5mM dNTPs, 5 μl 

MgSO4, 1 μl sense primer, 1 μl antisense primer, 0.2 μl Taq and 32.8 μl nuclease-

free H2O) reagents in a Techne Prime thermocycler. For potexvirus degenerate 

primers cycling conditions were; initial denaturation at 94°C for 4 minutes; 30 

cycles of denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds 

and extension at 72°C for 30 seconds with a final extension at 72°C for 10 

minutes. For NeLV and NeYSV specific primer pairs touchdown PCR was used, 

cycling conditions were; initial denaturation of 94°C for 4 minutes; 30 cycles of 

denaturation at 94°C for 30 seconds, annealing at 64°C (dropping by 1°C each 

subsequent stage to 55°C, over 10 stages) for 30 seconds and extension at 72°C 

for 30 seconds then a final extension step at 72°C for 10 minutes. Gel 

electrophoresis was performed using a 0.8% TAE agarose gel stained with 

SybrSafe (Invitrogen) and run at 70 volts for 60 minutes or until adequate fragment 

separation was achieved. Primer sequences for each virus are presented in the 

research chapters. Clean-up of DNA fragments from PCR solution was performed 

using Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit (product code 

740609.250) or the Qiagen QIAquick PCR Purification Kit (product code 28104) as 

per manufacturer’s instructions (2.9.2 Qiagen QIAquick PCR Purification). Cloning 

of DNA fragments into a TA vector was performed using the Invitrogen™ TA 

Cloning™ Kit, with pCR™2.1 Vector and One Shot™ INVαF' Chemically 

Competent Escherichia coli or the QIAGEN PCR Cloningplus Kit as per 

manufacturer’s instructions. Cells were plated, colonies selected and multiplied as 

per manufacturer’s instructions (2.10.2 QIAGEN PCR Cloning plus Kit). DNA 

extraction from E.coli was performed using the QIAprep Spin Miniprep Kit as per 

manufacturer’s instructions (2.11 QIAprep Spin Miniprep Kit). Restriction enzyme 

digestion to check vector inserts was performed using EcoR1 under the following 

conditions (2.12 Restriction enzyme digestion with EcoRI protocol). Gel 

electrophoresis was performed to check restriction enzyme digestions and see if 
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cloning was successful (2.7 Gel electrophoresis and visualisation of fragments). 

Sanger sequencing of DNA fragments was performed (2.13 Sanger sequencing of 

samples by DBS Genomics, Durham University). Sequence data were returned via 

email, trimmed, processed and compared to NCBI (2.14 Processing and basic 

analysis of sequence data). The DNA fragment could be used as a positive control 

once it had been confirmed as the viral fragment targeted by primers designed to 

amplify that region. DNA was quantified using the Invitrogen™ Quant-iT™ Qubit 

dsDNA BR Assay Kit (ThermoFisher, Q32850) and a Qubit 2.0 Fluorometer as per 

manufacturer’s instructions (2.4 RNA/DNA quantification).   

2.15.6 Production of a negative control  

Nicotiana benthamiana plants were grown in isolation from seed (2.19 Indicator 

plant seed collection, germination, growth and inoculation) and total nucleic acids 

were extracted from leaf tissues using the method described previously in this 

section (2.15.4 Extraction buffer precipitated extract). Nucleic acids were 

quantified using the Invitrogen™ Quant-iT™ Qubit RNA BR Assay Kit (product 

code Q10210) and a Qubit 2.0 Fluorometer as per manufacturer’s instructions (2.4 

RNA/DNA quantification) to enable subsequent dilution for application to the 

membrane. 

2.15.7 Production of molecular probes 

Molecular probes were produced using the Thermo Scientific™ Biotin DecaLabel 

DNA Labeling Kit (product code K0651) as per manufacturer’s instructions. The 

vectors containing the cloned viral fragments (2.15.5 Production of a positive 

control) were subjected to an EcoRI restriction enzyme digest (2.12 Restriction 

enzyme digestion with EcoRI protocol). The fragments were separated by gel 

electrophoresis (2.7 Gel electrophoresis and visualisation of fragments). The DNA 

fragments were excised from the gel and extracted using the Qiagen QIAEX II Gel 

Extraction Kit (product code 20021) as per manufacturer’s instructions (2.8.1 

Qiagen QIAEX II Gel Extraction Kit). These isolated DNA fragments were used in 

the labelling reaction. The reaction was prepared by combining 100 ng - 1 μg of 

DNA template (from previous step) in 10 μl with 10 μl of decanucleotide in 5X 

Reaction Buffer and 44 μl nuclease-free H2O in a 1.5 ml Eppendorf tube. The tube 

was vortexed and spun down in a centrifuge for a few seconds. The tube was 

incubated in a boiling water bath for 5-10 minutes, snap cooled on ice and then 
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spun down in a centrifuge for a few seconds. To this solution, 5 μl of biotin 

labelling mix and 1 μl, Klenow fragment exo– (5 u) was added. The tube was 

shaken and spun down in a centrifuge for a few seconds. The tube was then 

incubated at 37°C overnight. The following morning, 1 μl of 0.5 M EDTA, pH 8.0 

was added to the tube to stop the reaction. Unincorporated dNTPs were removed 

by chromatography on Sephadex® G-50. 

2.15.8 Remove unincorporated dNTPs by Sephadex G-50 column  

Unincorporated dNTPs were removed by Sephadex column. Sephadex G-50 (fine 

DNA grade) was swelled in sterile distilled H2O for several hours and washed 

several times with sterile Tris-EDTA (TE) buffer and autoclaved (121°C for 20 

minutes) and stored at room temperature until use. A small tube with a hole in was 

placed inside a 1.5 ml Eppendorf tube and 700 μl of Sephadex solution was 

pipetted into the small tube. The column was centrifuged at 1,500 rpm for 2 

minutes and then the small tube placed into a new 1.5 ml Eppendorf tube. This 

was centrifuged again 1,500 rpm for 2 minutes. If there was a gap between the 

eluate and the bottom of the tube this was used, if the elute was touching the 

bottom of the tube it was centrifuged again. The probe was added (maximum 50 

μl) to the top of the Sephadex column and centrifuged at 1,500 rpm for 2 minutes, 

then collected and used or stored at -20°C until required. 

2.15.9 Membrane preparation - pipette spotted  

Ambion BrightStar (Invitrogen, AM10102) positively charged nylon membrane was 

cut to 10 x 10 cm and 1 μl of solution (positive control serial dilutions from 100 ng 

to 1 fg depending on the blot, negative control, samples) was spotted onto the 

membrane with a pipette. The virus-appropriate plasmid was denatured by heating 

to 95°C for 10 minutes in a thermocycler then snap-cooled on ice for 4 minutes. 

The membrane was then UV crosslinked using a Gel Doc (302 nm) for 180 

seconds exposure with UV trans-illuminator, spot side down. The membrane was 

protectively wrapped and stored at 4°C until required . 

2.15.10 Membrane preparation – manifold protocol 

Ambion BrightStar (Invitrogen, AM10102) positively charged nylon membrane was 

cut to 11 x 7.5 cm, wetted with H2O and soaked in 20 x SSC for 1 hour at room 

temperature. While the membrane was soaking, the manifold (Fisherbrand™ Dot 
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Blot Hybridisation Manifold System, DHM-96, 11837172) was cleaned with 0.1 M 

NaOH and rinsed well with sterile (autoclaved, distilled) H2O. The membrane was 

placed on the bottom side of the upper manifold section and any air bubbles were 

rolled out with a large pipette tip. The manifold was clamped together. The wells 

were filled with 10 x SSC and the vacuum was applied gently until the SSC had 

passed through the membrane. The vacuum was turned off and the wells were 

refilled with 10 x SSC. As per the manufacturer’s instructions, each of the nucleic 

acid samples (serial dilutions of 10 μg to 0.1 μg and positive control dilutions from 

10 ng to 1 fg) were mixed with 90 μl of the RNA denaturation solution (Formamide 

3.6 ml, Formaldehyde (37%) 1.26 ml, MOPS buffer (10x) 780 μl). The samples 

tubes were incubated at 65°C in a heating block for 5 minutes and the cooled on 

ice. 10 μl of 10 x SSC was added to each samples. The vacuum was gently 

applied to the manifold to facilitate the SSC currently in the wells to pass through 

the membrane. Samples were loaded to the wells, bubbles removed with a pipette 

tip and the vacuum was gently applied.  Each well was rinsed twice with 1 ml of 10 

x SSC. After the second rinse had passed through the vacuum was continued for 

5 minute to dry the membrane. The membrane was removed from the manifold 

and then UV crosslinked (as above). The membrane was protectively wrapped 

and stored at 4°C until used for the hybridisation assay. 

2.15.11 ULTRAhyb Pre-hybridisation, hybridisation and washing of the membrane 

and probe detection 

The membrane was pre-hybridised and hybridised with the probe using 

ULTRAhyb (Ambion, AM8669). ULTRAhyb was heated to 68°C in a water bath. 

The buffer was swirled until all precipitated material has dissolved. The membrane 

was pre-hybridised for 30 minutes at 42°C using a Techne roller hybridisation oven 

in enough ULTRAhyb to keep the membrane uniformly wet (20 ml). The DNA 

probes were denatured before hybridisation by heating the probe in boiling water 

for 9 minutes and then snap-cooling it on ice for 4 minutes. Probe was added to 

the pre-hybridisation buffer using a pipette to give 2.8 pM of probe relative to the 

buffer volume. The membrane was hybridised in the rolling oven overnight at 

42°C. The following morning the hybridisation buffer was discarded and the 

membrane was washed twice for 5 minutes in 2 x SSC with 0.1% SDS at 42°C, 

still using the rolling oven. The membrane was then washed twice for 15 minutes 
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in 0.1% SSC with 0.1% SDS at 42°C. The probe was then detected using the 

Thermo Scientific Biotin Chromogenic Detection Kit (K0661). 

2.15.12 Biotin Chromogenic Detection Kit  

After the hybridisation and washing steps the membrane was removed from the 

rolling oven and placed in a plastic lidded container. The membrane was washed 

in 30 ml of the blocking/washing buffer for 5 minutes at room temperature on a 

platform shaker with moderate shaking. The membrane was then blocked in 30 ml 

of blocking solution for 30 minutes at room temperature with moderate shaking. 

The membrane was incubated in 20 ml of diluted streptavidin-AP conjugate for 30 

minutes at room temperature with moderate shaking. The membrane was 

incubated twice with 60 ml of blocking/washing buffer for 15 minutes, the solution 

discarded between incubations. The membrane was then incubated with 20 ml of 

detection buffer for 10 minutes. The membrane was photographed. The enzymatic 

reaction was performed  using 10 ml of freshly prepare substrate solution at room 

temperature in the dark (the lights were turned off and the plastic boxed wrapped 

in foil to exclude light). The membrane was photographed every 30 minutes for x 

hours and then the enzymatic reaction was allowed to continue overnight. The 

reaction was stopped by washing the membrane in double distilled H2O for a few 

seconds. The membrane was air-dried and final images recorded. 

2.15.13 Image J software analysis 

Each dot was outlined using the selection tool and the integrated density was 

measured using the analyse/measure command. The background was corrected 

using the process/subtract background command. The image was inverted make 

the background pixels near zero, then dot densities measured and output to an 

excel sheet. This data is converted to ratios by dividing each density by the mean 

of the negative controls. It was decided that the threshold for a positive result 

would a ratio >1.5 times that of the mean of the negative controls. 

2.16 MinION 1D cDNA sequencing  

MinKNOW software (available from ONT community) was installed onto laptop 

used for MinION runs and was updated. Each flowcell (FLO-MIN106 R9 version, 

spot on flowcell mk1) was checked for active pores on arrival using MinKNOW’s 

quality control check option. All runs were performed on machine MIN-101B, 
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MinIONMk1B (ID-17389). Total RNA was extracted using Qiagen RNeasy® Plant 

Mini Kit (product code 74904) as per manufacturer’s instructions (2.2 RNA 

extraction). RNA was quantified using a DS11 spectrophotometer to check 

quantity and quality. A 1D Lambda control experiment was performed using kit 

SQK-LSK108, flowcell washed using ONT wash kit and stored at 4°C. A 1D cDNA 

sequencing by ligation experiment performed using kit SQK-LSK108, script 

NC_48Hr_Sequencing_Run_FLO_MIN106_SQK-LSK108.py and live base calling 

option (by the MinKNOW/Metricor/Albacore system) was used. 

2.16.1 Library preparation  

The first strand reaction was prepared in a 0.2 ml PCR tube by a mix of random 

and oligo dT priming. 10-250 ng of RNA in ≤ 11.5 μl , 0.5 μl of 250 μM random 

primers, 1 μl of 1 μM d(T)23VN primer, 1 μl of 10 mM dNTPs and 7.95 μl 

nuclease-free H2O. The contents were mixed by vortexing and spun briefly in a 

centrifuge, then incubated at 65 °C for 5 minutes and snap cooled on a pre-chilled 

freezer block. Then 4 μl of 5x First Strand buffer and 2 μl of 100 mM DTT were 

added to the PCR tube, mixed by vortexing and spun down, then incubated for 2 

mins at 42°C. Then 1 μl of SuperScript II Reverse Transcriptase (200 U/μl) was 

added to the tube and the solution mixed by pipetting. The tube was incubated for 

50 minutes at 50°C (1 cycle), then 15 mins at 70°C (1 cycle), then hold at 4°C. The 

tube was spun down to collect contents at the bottom and the following reagents 

were added to the tube; 10 μl of NEBNext second strand synthesis reaction buffer, 

5 μl of NEBNext second strand enzyme mix and 45 μl of nuclease-free H2O. The 

solutions was mixed by pipetting and spun down, then 2nd strand synthesis was 

undertaken for 60 minutes at 16°C (1 cycle), then hold at 4°C and the sample was 

then transferred to a LoBind Eppendorf tube. The cDNA was purified by adding 

144 μl resuspended AMPure XP beads at room temperature then incubating on 

rotation for 5 minutes. The tube was then spun down and pelleted on a magnet. 

The supernatant was discarded using a pipette. While still on the magnet, the 

cDNA was purified by washing twice with 200 μl of fresh 70% ethanol without 

disturbing the pellet. The tube was briefly spun down. The tube was placed back 

on the magnet  and the residual wash was pipetted off, the pellet was briefly 

allowed to dry before being resuspended in 52 μl nuclease-free water and 

incubated at room temperature for 2 minutes. The beads were pelleted on a 

magnet and the eluate containing the DNA was transferred to a fresh LoBind 0.2 
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ml PCR tube. To quantify the DNA, 1 μl was removed for quantification using Qubit 

(2.4 RNA/DNA quantification). To the 45 μl of cDNA, 7 μl of Ultra II End-Prep 

buffer, 3 μl of Ultra II End-Prep mix and 5 μl nuclease-free water was added. The 

solution was mixed by inversion and spun down. The tube was incubated at 20°C 

for 5 minutes and 65°C for 5 minutes using a thermal cycler, then 60 μl of 

resuspended AMPure XP beads at room temperature were added to the end-prep 

reaction and mixed by pipetting. The tube was mixed on rotator for 5 minutes, 

spun down and pelleted on a magnet, the supernatant was discarded. With the 

tube still on the magnet, the undisturbed pellet was washed twice with 200 μl fresh 

70% ethanol. The contents were briefly spun down and then replaced to the 

magnet to pellet the beads. The residual ethanol wash pipetted off. The pellet was 

resuspended in 16 μl of nuclease-free water and incubated at room temperature 

for 2 minutes. The beads were pelleted on a magnet and the eluate containing the 

end-prepped DNA was transferred to a new LoBind tube. To quantify the end-

prepped DNA, 1 μl was removed for quantification using Qubit (2.4 RNA/DNA 

quantification). Taking the 15 μl of end-prepped cDNA; 5 μl of PCR Adapters and 

20 μl of Blunt/TA Ligase Master Mix were added, the contents mixed by inversion 

and the tube spun down briefly before incubation at room temperature for 15 

minutes. Then 28 μl of resuspended AMPure XP beads were added and the tube 

was incubated at room temperature on a rotator for 5 minutes before being spun 

down and the beads pelleted on a magnet. The supernatant was discarded by 

pipette. While still on the magnet the pellet was washed twice with 200 μl fresh 

70% ethanol without disturbing the pellet. The tube was briefly spun down, 

replaced on the magnet and the residual wash pipetted off. The pellet was briefly 

allowed to dry before being resuspended in 25 μl of nuclease-free water and 

incubated at room temperature for 2 minutes. The beads were pelleted on a 

magnet and the eluate containing the end-prepped-adapted DNA was transferred 

to new 0.2 ml PCR tube. The PCR reaction was set up on the adapted cDNA by 

adding 2 μl of primers, 50 μl of LongAmp Taq 2x Master Mix and 23 μl of 

nuclease-free water, the contents were mixed by inversion and spun down. The 

thermocycling parameters were; initial denaturation for 3 minutes at 95°C (1 

cycle), denaturation for 15 seconds at 95°C, annealing for 15 seconds at 62°C, 

extension 50 seconds/kb at 65°C (18 cycles), final extension for 50 seconds /kb at 

65°C (1 cycle) and then hold at 4°C. DNA was purified on beads as previously 

described and eluted in 46 μl of nuclease-free water. To quantify the DNA, 1 μl of 
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DNA was removed for quantification using Qubit (2.4 RNA/DNA quantification). 

The sample was transferred to a 0.2 ml PCR tube. To the cDNA in 45 μl, the 

following reagents from the NEBNext Ultra II End-Repair / dA-tailing Module were 

added; 7 μl of Ultra II End-Prep buffer, 3 μl of Ultra II End-Prep enzyme mix and 5 

μl nuclease-free water. The contents were mixed by inversion and briefly spun 

down, the tube was then incubated at 20°C for 5 minutes and 65°C for 5 minutes 

using a thermocycler. The end-prep reaction was transferred to a new 1.5 ml DNA 

LoBind tube. Then 60 μl of resuspended AMPure XP beads at room temperature 

were added to the end-prep reaction and mixed by pipetting. The tube was 

incubated on a rotator for 5 minutes, spun down and pelleted on a magnet, the 

supernatant was discarded. While still on the magnet the pellet was washed twice 

with 200 μl fresh 70% ethanol without disturbing the pellet. The tube was briefly 

pun down and replaced on the magnet, the residual ethanol was pipetted off and 

the pellet briefly allowed to dry. The pellet was resuspended in 31 μl nuclease-free 

water and incubated at room temperature for 2 minutes. The beads were pelleted 

on a magnet and the eluate containing the end-prepped DNA was transferred to a 

fresh LoBind tube. To quantify the DNA, 1 μl of DNA was removed for 

quantification using Qubit (2.4 RNA/DNA quantification). Then 20 μl of Adapter Mix 

and 50 μl NEB Blunt / TA Master Mix were added to the 30 μl of end-prepped 

DNA, gently mixed by inversion and briefly sun down before being incubated at 

room temperature for 10 minutes. Then 40 μl of resuspended AMPure XP beads 

were added into the adapter ligation reaction and mixed by pipetting before 

incubation at room temperature on a rotator for 5 minutes. The beads were then 

pelleted on a magnet and the supernatant was remove with a pipette, then 140μl 

of ABB was added to the beads, the lid was closed and the beads resuspended by 

flicking the tube. The beads were pelleted on a magnet and the supernatant was 

removed by pipetting. This ABB addition and removal step was repeated. The 

adapted library mix was eluted by resuspending the beads in 15 μl ELB and 

incubating at room temperature for 10 minutes. The beads were pelleted on a 

magnet and the eluate was transferred to a new LoBind tube by pipette. To 

quantify the DNA, 1 μl of DNA was removed for quantification using Qubit (2.4 

RNA/DNA quantification). The library was then ready to perform a sequencing run. 
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2.16.2 Sequencing experiment 

Platform Quality Control was run prior to beginning library preparation. The 

MinION and flowcell were assembled, the run was named and the protocol 

(NC_Platform_QC.py) started. The script was completed and the active pores 

reported. The flowcell was primed by adding 800 μl of priming buffer by opening 

the sample port and drawing back a few microlitres of the existing buffer prior to 

inserting the 800 μl of new buffer, so there was a continuous flow of buffer over the 

sensor array. After 5 minutes, a further 200μl of the priming buffer was loaded 

through the sample port. The library was prepared for loading by combining 12.0 μl 

of the adapted and tethered library with 35.0 μl of running buffer (RBF) at room 

temperature, 25.5 μl of library loading beads (LLB) at room temperature 2.5 μl of 

nuclease-free water and mixing by pipetting. The library was loaded by pipetting 

75 μl of the library mix one drop at a time to the port. The sample port cover was 

then closed and the MinION lid was replaced. In MinKNOW software, the script 

called NC_48Hr_Sequencing_Run_FLO_MIN106_SQK-LSK108.py was selected 

in addition to with_plus_Basecaller.py for local basecalling, then 1D Basecalling 

for SQK-LSK108 was selected using the desktop agent and the workflow was 

initiated. The sequencing run protocol proceeded for 48 hours. 

2.16.3 Validation of MinION data using RT-PCR and generation of actin control 

primers 

NCBI was searched for Nerine actin sequences. The closest available was 

narcissus tazetta actin (JX310699.1), so this was downloaded and used as a 

reference to search the MinION data with. The MinION data were searched for 

reads that aligned to the narcissus tazetta actin (JX310699.1) by using the 

narcissus actin fasta sequence as a reference sequence for NanoOK program 

(https://github.com/TGAC/NanoOK). NanoOK gives the read IDs of all sequences 

that aligned to the reference sequence. These were exported to and Excel 

document and then the fasta sequences found from among the MinION reads. 

Those reads were imported into Sequencher software and aligned if possible. 

Primers were designed to overlapping reads, where possible and to single reads 

where there was no overlap with another. Primers were used in RT-PCR by 

amplifying with Nerine cDNA (initially) using DreamTaq Green 2x (Invitrogen) 

master mix. The PCR included primers at 1.25 μl each (10 μM), 6.25 μl of Dream 

Taq Green Master Mix x2, 3.25 μl of H2O and 1 μl of cDNA. The thermocycling 

https://github.com/TGAC/NanoOK
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conditions were 1 cycle of initial denaturation 95°C x 2 mins, 30 cycles of 

denaturation 95°C x 30 secs, annealing 55°C x 30 secs, extension 72°C x 30 secs, 

1 cycle of final extension 72°C x 10 mins. PCR products were separated using 

agarose gel electrophoresis and visualised under UV light. Primers that showed 

expected amplification with clear single bands were taken forward. Those primers 

(1-2, 5-6 and 13-14, detailed in section 3.2.4 Primers) were then amplified 

separately with cDNA and gDNA to see if different sized amplicons were 

generated with the gDNA templates. PCR was undertaken using the DreamTaq 2x 

master mix system as previously outlined in this section (data not shown). The 

three primer pairs that showed the strongest products of the expected size for 

cDNA along with larger products for gDNA (1-2, 5-6, 13-14) were amplified in 50 μl 

reactions for gel purification and Sanger sequencing. Sequence data were 

trimmed and aligned in Sequencher software and the resulting sequence was 

aligned to the NCBI database using BLASTn. 

2.16.4 MinION data analysis  

MinION reads were initially basecalled using the live basecalling setting in the 

MinKNOW software when running the sequencing experiment. MinION sequences 

were then basecalled again to improve accuracy using Guppy v3.3 

(https://community.nanoporetech.com/download). Guppy v3.3 is a toolkit 

containing the Oxford Nanopore Technologies’ basecalling algorithms, in addition 

to several bioinformatic post-processing features. NanoPlot, NanoQC and Nanofilt 

were used for plotting, quality control and filtering and trimming reads. NanoPlot 

(https://github.com/wdecoster/NanoPlot) is a plotting tool for long read sequencing 

data and alignments. NanoQC (https://github.com/wdecoster/nanoQC) includes 

quality control tools for long read sequencing data. Nanofilt 

(https://github.com/wdecoster/nanofilt) filters and trims long read sequence data. 

NanoOK (https://github.com/TGAC/NanoOK) was used for extraction, alignment 

and analysis of Nanopore reads. Porechop (https://github.com/rrwick/Porechop) 

was used to find and remove adapter sequences from Oxford Nanopore reads. 

The Pomoxis pipeline (https://github.com/nanoporetech/pomoxis) was used to 

construct viral assemblies from the MinION reads. Pomoxis includes bioinformatic 

tools tailored to nanopore sequencing, mainly for generating and analysing draft 

assemblies. Canu (https://github.com/marbl/canu) was used to construct viral 

assemblies. Canu is an assembly pipeline which detects overlaps in high-noise 

https://community.nanoporetech.com/download
https://github.com/wdecoster/NanoPlot
https://github.com/wdecoster/nanoQC
https://github.com/TGAC/NanoOK
https://github.com/rrwick/Porechop
https://github.com/nanoporetech/pomoxis
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sequences, generates corrected sequence consensuses, trims corrected 

sequences and assembles trimmed corrected sequences. It is designed for high-

noise single-molecule sequencing, such as Oxford Nanopore MinION. Galaxy 

(https://usegalaxy.eu/) was also used to access the Canu pipeline. Galaxy is an 

online platform that provides access to processing servers and linux-based 

software through a graphical user interface instead of a command line interface. 

Details of the specific use of these programs is outlined in the relevant results 

chapter.  

2.17 Illumina MiSeq Sequencing 

A MiSeq cDNA library was created and sequenced at FERA using the method 

described by Fribourg et al. (2019). Data were trimmed to Q20 using Sickle 

version 1.33 (https://github.com/najoshi/sickle) and then assembled with Trinity 

version 2.8.4 (https://github.com/trinityrnaseq/trinityrnaseq). The resulting contigs 

were filtered based on length, with anything >/= 1,000 subject to a BLASTx search 

against the NCBI non-redundant database and anything >/= 200 subject to a 

BLASTn (Megablast) search against the NCBI nt database. 

2.17.1 Validation of MiSeq data using RT-PCR, TA cloning and Sanger 

sequencing 

Primers were designed to the MiSeq data, covering the genome in seven 

overlapping regions and products were amplified using DreamTaq Green Master 

Mix (2x) (13 μl reaction; 1 μl cDNA, 6.25 μl DreamTaq Green Master Mix (2x), 1.25 

μl sense primer, 1.25 μl antisense primer 1.25 μl, 3.25 μl nuclease-free H2O) 

reagents in a Techne Prime thermocycler. Cycling conditions were; initial 

denaturation at 95°C for 3 minutes; 30 cycles of denaturation at 95°C for 30 

seconds, annealing at 53-55°C for 30 seconds and extension at 72°C for 1 minute 

with a final extension at 72°C for 10 minutes. PCR products were purified and 

ligated into vector pCR2.1. Inserts were confirmed by EcoRI restriction enzyme 

digest and Sanger sequenced. Data were trimmed and aligned in Sequencher 

software. 

2.17.2 Rapid amplification of cDNA ends (RACE)  

RACE experiments were undertaken using the TakaraBio/Clontech SMARTer® 

RACE 5’/3’ Kit (634858) as per manufacturer’s instructions. RNA for RACE 

experiments was extracted using TakaroBio/Clontech Fruit-mate™ for RNA 

https://usegalaxy.eu/
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Purification (product code 9192) and either the NucleoSpin RNA Plant (product 

code 12979894), the Macherey Nagel Bioanalysis NucleoSpin RNA Plant and 

Fungi (product code 15705543) or the Qiagen RNeasy kit (product code 74904) as 

per manufacturer’s instructions. RNA quantification was performed using the 

Invitrogen™ Quant-iT™ Qubit RNA BR Assay Kit (product code Q10210) and a 

Qubit 2.0 Fluorometer as per manufacturer’s instructions (2.4 RNA/DNA 

quantification). Buffer mix was prepared by adding 4.0 μl of 5X First-Strand Buffer, 

0.5 μl of Dithiothreitol (DTT) (100 mM), 1.0 μl  of dNTPs (20 mM) to a PCR tube, 

mixing and briefly centrifuged, then set aside at room temperature. In a separate 

tube, 1.0–10 μl of RNA (for control reactions, control mouse heart RNA was used 

from the kit), 1.0 μl of 5’-CDS Primer A (if making 5’ cDNA and 3’-CDS Primer A if 

making 3’ cDNA) and 0–9 μl of sterile H2O, were mixed and briefly centrifuged. 

The tube(s) containing the 5’ or 3’ mixes were incubated at 72°C for 3 minutes, 

then cooled to 42°C for 2 minutes in a thermocycler. After cooling the tubes were 

centrifuged briefly for 1 seconds at 14,000 x g to collect the contents at the bottom. 

To just the 5’-RACE cDNA synthesis reaction(s), 1 μl of SMARTer II A 

Oligonucleotide per reaction was added. In a separate tube a master mix was 

prepared for the 5’ and 3’ RACE reactions including 5.5 μl of the buffer mix, 0.5 μl 

of RNase Inhibitor (40 U/μl) and 2.0 μl of SMARTScribe Reverse Transcriptase 

(100 U), then 8 μl of this master mix was added to each of the 5’ and 3’ RACE 

reactions, the contents were mixed by gently pipetting, and the tubes briefly 

centrifuged to collect the contents at the bottom. Tubes were incubated 42°C for 

90 minutes and then 70°C for 10 minutes in a thermocycler. The first-strand cDNA 

synthesis 5’ and 3’ race reactions were diluted by adding 10 μl of Tricine-EDTA 

buffer. The 5’ and 3’ RACE ready cDNA was then stored at -20°C until required or 

used immediately in a RACE PCR. 

PCR master mix was prepared by adding 15.5 μl of PCR-Grade H2O, 25.0 μl of 2X 

SeqAmp Buffer and 1.0 μl SeqAmp DNA Polymerase to a tube and gently mixing. 

PCR reactions were prepared by adding 2.5 μl 5’- or 3’-RACE-Ready cDNA, 5 μl 

of 10X UPM, 1 μl of 5’ or 3’ gene specific primer (GSP) (10 μM) and 41.5 μl Master 

Mix. Touchdown thermocycling was undertaken with the following parameters; 

94°C 30 seconds, 72°C 3 minutes for 5 cycles, 94°C 30 seconds, 70°C for 30 

seconds, 72°C 3 minutes* for 5 cycles, then 25 cycles of 94°C for 30 seconds, 

68°C for 30 seconds, 72°C for 3 minutes. The 3 minute extension step was for 3 
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kb fragments. For >3 kb fragments, the extension step was increased by 1 minute 

for each additional 1 kb. Touchdown PCR was appropriate where the gene 

specific primer had a melting temperature (Tm) of >70°C. If the primer Tm was 60–

70°C, PCR thermocycling conditions were 25 cycles of 94°C 30 sec, 68°C 30 sec, 

72°C 3 minute (extension note as above). RACE PCR products were visualised 

using Gel electrophoresis and visualisation of fragments as previously described in 

methods. RACE PCR products were gel purified and extracted using the Gel 

Extraction with the NuceloSpin Gel and PCR Clean-Up Kit.  

Gel Extraction with the NuceloSpin Gel and PCR Clean-Up Kit. The DNA fragment 

was located under UV light and excised from the agarose gel using a clean, sharp 

scalpel, cutting close to the fragment to minimise excess agarose. The fragment 

was put into a sterile, pre-weighed Eppendorf tube. The gel fragment weight was 

then determine by weighing the tube and then subtracting the tube only weight to 

give the gel weight. Buffer NTI was adding at 200 μl for every 100 mg of agarose. 

The tube was incubated at 50°C for 5-10 minutes, vortexing every 2-3 minute until 

the gel slice was fully dissolved. A NucleoSpin Gel and PCR Clean-Up Spin 

Column was placed into a 2 ml collection tube and up to 700 μl of the dissolved gel 

solution was loading to the spin column by pipette. The spin column inside the 

collection tube was centrifuged for 30 seconds at 11,000 x g and the flow-through 

was discarded, the spin column placed back in the collection tube, Remaining 

sample was loaded and centrifuged in this way. 700 μl of buffer NT3 was added to 

the spin column. The spin column inside the collection tube was centrifuged for 30 

seconds at 11,000 x g and the flow-through was discarded, the spin column was 

placed back into the collection tube. The spin column inside the collection tube 

was centrifuged for 1 minute at 11,000 x g to completely remove NT3 buffer from 

the membrane. This step was extended to 3 minutes in some cases to fully dry the 

membrane. Residual ethanol from the buffer was removed by incubating the spin 

column for 2–5 minutes at 70°C prior to elution. The spin column was placed into a 

new 1.5 ml Eppendorf tube and 15–30 μl of buffer NE was loaded to the centre of 

the membrane. If the fragment was destined for cloning, NE buffer was used, if the 

fragment was destined for Sanger sequencing, water was used. The spin column 

was incubated at room temperature (18–25°C) for 1 minute, then centrifuged for 1 

minute at 11,000 x g to elute the DNA. For fragments > 1,000 bp recovery was 

increased by multiple elution steps with fresh buffer, heating to 70°C, and 



54 
 

incubation for 5 minutes. The fragments were now ready to cloning using the In-

Fusion method or for Sanger sequencing if the In-Fusion cloning had been 

unsuccessful. 

In-Fusion Cloning of RACE Products. The cloning reaction was prepared by 

combining 1 μl Linear pRACE vector, 7 μl of Gel-purified RACE product and 2 μl of 

In-Fusion HD Master Mix in a PCR or 1.5 ml Eppendorf tube. The tube was then 

incubated for 15 minutes at 50°C and then transferred to ice. Then 2.5 μl of the 

ligation reaction was then transformed to Stellar competent cells. Stellar 

competent cells were thawed on ice just before use. They were gently mixed by 

flicking the tube a few times prior to adding 2.5 μl  of the reaction ligation and the 

tip gently moved through the cells as the ligation mixture was added to mix. The 

tube was placed on ice for 30 minutes. The tube was heat shocked for 1 minute. If 

a round-bottomed falcon tube was used, the duration of the heat shock was 45 

seconds. If the cells were in an Eppendorf tube, the duration of the heat shock was 

1 minute at 45°C, as per Stellar Competent cells protocol PT5055-2 (Clontech). 

Following heat shock, the tube was placed on ice for 1-2 minutes, then 450 μl of 

S.O.C. at 37°C was added to the transformation, the tube was sealed with parafilm 

and incubated at 37°C with shaking at 225 rpm for 1 hour. To dilute the 

transformation for plating, 1/100–1/5 of each transformation reaction was pipetted 

into separate tubes and the volume increased to 100 μl with S.O.C. medium. Each 

diluted transformation was then spread on a separate LB plate containing 100 

μg/ml of ampicillin, using a sterile glass spreader under sterile benchtop 

conditions. The remainder of the transformation was then centrifuged at 6,000 rpm 

for 5 minutes and the supernatant was pipetted off and discarded. The pellet was 

resuspended in 100 μl fresh S.O.C. medium and spread on a separate LB plate 

containing 100 μg/ml of ampicillin. Plates were left right way up so the 

transformation solution absorbed into the LB for 10 minutes and then the plates 

were inverted and incubated overnight at 37°C. The next day 8-10 individual 

colonies were picked from each plate. The colonies were grown in LB broth (5-10 

ml) with ampicillin (100 μg/ml) overnight with shaking (225 rpm) at 37°C. The 

following day, DNA was extracted from the broths using QIAprep Spin Miniprep Kit 

Protocol (2.11 QIAprep Spin Miniprep Kit). Plasmids were screened to determine 

the presence of inserts using double restriction enzyme digestion with EcoRI and 

HindIII, which flanked the cloning site.  
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HindIII and EcoRI double restriction enzyme digestion. The following reagents 

were combined in a 1.5 ml Eppendorf tube or PCR tube; 2 μl of HindIII enzyme, 1 

μl of EcoR1 enzyme, 3 μl of DNA, 3 μl of EcoR1 buffer and 21 μl of PCR-grade 

H2O, gently mixed and incubated at 37°C for 3 hours. DNA fragments were 

separated using gel electrophoresis (2.7 Gel electrophoresis and visualisation of 

fragments). Plasmids with appropriate sized inserts were Sanger sequenced by 

DBS Genomics (Durham University) with M13 forward/reverse primers (2.13 

Sanger sequencing of samples by DBS Genomics (Durham University)). 

Processing and basic analysis of sequence data were performed using 

Sequencher (2.14 Processing and basic analysis of sequence data).  

2.18 Micropropagation 

2.18.1 Vessel preparation and sterilisation 

Micropropagation vessels and lids were washed with detergent and rinsed, then 

soaked in distilled water and air-dried, then autoclaved to 121°C for 20 minutes, 

cooled in the autoclave bags and only opened for drying in the laminar flow. 

2.18.2 Micropropagation media 

Growth media were prepared by mixing the required reagents (Table 2.18.2.1) in 

distilled water. The pH was checked and adjusted as required. The media were 

then autoclaved to 121°C for 20 minutes and cooled in the laminar flow to transfer 

temperature. Media were transferred to vessels using an electric pipette. 

 

Ingredient MB D1 CROC CROCZ 

 Per litre of media 

MS basal salts 4.33 g 4.33 g 4.33 g 4.33 g 

Inositol 100 mg 100 mg 100 mg 100 mg 

Nicotinic acid 0.5 mg  0.5 mg 0.5 mg 

Thiamine Hcl 0.1 mg 0.4 mg 0.1 mg 0.1 mg 

Pyrodoxine Hcl 0.5 mg  0.5 mg 0.5 mg 

Sucrose 30 g 30 g 30 g 30 g 

TDZ    1.0 mg 

BAP  1.0 mg 7.5 mg 7.5 mg 

24D   0.5 mg 0.5 mg 

NAA  0.1 mg   

pH 5.8 6 5.8 5.8 

Agar 5.1 g 5.1 g 5.1 g 5.1 g 

Table 2.18.2.1 Micropropagation media components 
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2.18.3 Sample collection buds and bulbs 

Buds and bulbs were protectively wrapped and posted by growers or taken from 

the Laud glasshouse at Canterbury Christ Church University (CCCU). 

2.18.4 Growth room specifications 

The growth room was installed by Unigro Limited and contained two shelf racks 

illuminated with LED panels that gave a cool pink light, corresponding to 400-700 

nm wavelength of light excluding wavelengths within the green spectrum. The 

lights were automatically on for 16 hours and off for 8 hours. The room was 

maintained at 22°C but several times during the summer months it overheated to 

above 40°C. 

2.18.5 Excision of twin scales from bulb and growth process 

Bulbs were removed from pots and papery outer layer removed, washed for 1 hour 

under cold running tap water, dried with paper towels and then left to air dry 

overnight. Brown debris and deteriorated tissue around the basal plates was cut 

off as well as roots and the top part of each bulb neck. The bulb was twice 

brushed with a toothbrush dipped in antibacterial hand wash (Dettol) and 10% 

bleach solution and then rinsed with distilled water. The bulb was submerged in 

10% thick bleach/water solution and stirred on magnetic stirrer for 20 minutes, 

covered with foil. The covered container was moved to the laminar flow, the lid 

removed and the waste solution drained off. The bulb was rinsed with sterile 

distilled water twice and then left to sit in a third rinse for 10 minutes. Twin scales 

were excised from the bulb with two/three scales attached by a small area of basal 

plate. Explants were initiated into D/D1 media, partially submerged in the gel to 

allow the explant to stand up in the media. Lids were put on immediately in the 

laminar flow and then culture containers were moved to the growth room. Cultures 

were maintained in a growth room at 22°C  with light for 16hrs/24hrs (Fig.2.18.5.1) 

unless otherwise stated. Cultures were checked every few days for contamination. 

Where severe bacterial or fungal contamination occurred the culture was 

discarded. Where partial bacterial or fungal contamination occurred, explants that 

could be saved were transferred to a new culture vessel. Every 3-4 weeks, 

explants were transferred to new gel (subculturing) until bulbils/bulblets had 

developed. After bulblet development, the bulblet was excised in sterile conditions 

using a scalpel and initiated to new media. Once roots had emerged and grown 
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the bulblet was transferred to MB media. Once a plantlet had developed, it was 

weaned to soil in a culture vessel and eventually removed from the growth room 

and maintained in a normal glasshouse. 

 

 

Fig.2.18.5.1 Growth room where explants that require light were maintained. 

 

2.18.6 Excision of florets from bud and growth process 

Buds were cut from the stem with a clean scalpel, leaving approximately one inch 

of stem attached. Buds were brushed with a soft toothbrush dipped in 20% bleach 

solution and antibacterial gel and rinsed with distilled water. This process was 

repeated. Groups of ten buds were surface sterilised for twenty minutes in Milton 

solution (two Milton tablets per 320 ml tap water plus 1 drop of detergent) in a 1 L 

covered conical flask, using a magnetic stirrer. The flask was opened in a laminar 

flow cabinet and the sterilising liquid was drained off. Each bud was dissected 

(Fig.2.18.6.1a) to excise florets floral heads with stem retained. The florets were 

cut from the floral head, leaving pedicel attached (Fig.2.18.6.1b). The stem of each 

floral head was trimmed. Florets and floral heads were soaked in 

antioxidant/Thidiazuron (TDZ) soak (200.0 mg/l ascorbic acid, 150.0 mg/l citric 

acid and 1.0 mg/l TDZ) for fifteen minutes prior to initiation. Florets were placed on 

their side and gently pushed into the surface of CROC/CROCZ gel media so half 

of the floret was under the gel and half above. Culture containers were closed 

immediately after initiation and moved to a growth room at 22°C, with light 

excluded. Where severe bacterial or fungal contamination occurred the culture 

was discarded. Where partial bacterial or fungal contamination occurred, explants 

that could be saved were transferred to a new culture vessel. Cultures were 
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checked every few days for contamination. Every 3-4 weeks, explants were 

transferred to new gel (subculturing) until callus and shoots developed. The shoot 

developed into plantlets and once large enough to remove from the floret explant, 

they were excised and transferred to new media. Once a plantlet had developed 

roots, it was transferred to MB media. Once it was well-rooted, the plant was 

weaned to soil in a culture vessel, eventually removed from the growth room and 

maintained in a normal glasshouse. 

 

Fig.2.18.6.1a Nerine floral bud 

image showing the outer cover 

removed. The florets can be seen. 

 

Fig. 2.18.6.1b Nerine floral bud dissection showing the parts 

of a Nerine bud dissected out. From left to right is the 

covering, the floral head with stem slice removed and the 

florets with pedicel attached. 

 

2.18.7 Laminar flow sterile technique 

Laminar flow (made by Monmouth; model number HLF1200; serial number 

HLF1200-121) was used for sterile work (pouring media to culture containers, 

excision and initiation of explants and sub culturing of material to new media). 

Laminar flow cabinet was turned on then all surfaces cleaned with 70% industrial 

methylated spirits (IMS). The hot bead steriliser within the laminar flow cabinet 

was used to sterilise tweezers and scalpels. A glass tile was used as a cutting 

area and sterilised with alcohol between explants/cultures. Photographs of plant 

and cultures were also taken in the laminar flow. 

2.19 Indicator plant seed collection, germination, growth and inoculation 

The following seeds were donated; Nicotiana glutinosa, Nicotiana tobacum 

‘Samsun’ and ‘Xanthi’, Nicotiana benthamiana the following seeds were 

purchased; Chenopodium amaranticolor. Seeds were stored in sterile falcon and 

Eppendorf tubes at room temperature with light excluded. All seeds were sown in 
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proprietary seedling compost in small plastic seedling trays. The trays were filled 

with compost and the compost was gently compressed. Seeds were sparingly 

sprinkled onto the compost. Several indicator plant species (Nicotiana glutinosa, 

Nicotiana tobacum ‘Samsun’ and ‘Xanthi’, Nicotiana benthamiana and 

Chenopodium amaranticolor) were grown from seed in small trays in a growth 

room. White light was on for 16 hours and off for 8 and the temperature was 22 °C. 

Nicotiana spp. seeds were sown on the surface of potting compost and 

Chenopodium amaranticolor seeds were lightly covered with compost. Seed trays 

were watered as required during germination and seedling growth. When large 

enough to transplant, seedlings were potted on to individual pots and maintained 

in the same environment. Once plants had developed at least 3 true leaves (after 

approximately 3-4 weeks) they were moved to a different growth room for 

inoculation assays. Whole plants were used for mock inoculations and 

inoculations. Each assay contained one mock plant and at least three replicates of 

each type of indicator plant. Leaves were marked as being inoculated or mock-

inoculated by puncturing the tip of the leaf with a pipette tip. Mock-inoculated 

leaves had two holes (2 leaves per mock plant) and inoculated leaves had one 

hole (2 leaves per inoculated plant). Carborundum powder was lightly applied over 

the leaf surfaces. Phosphate buffer (0.1M) was applied to the surfaces of the 

mock-infected leaves with a gloved finger. A pestle and mortar was used to crush 

~2 cm2 Nerine symptomatic leaf sections in phosphate buffer (0.1M). Sap was 

applied to leaf surfaces with a gloved finger. Plants were watered from below so 

as not to wash inoculum from leaf surfaces, maintained in a growth room and 

monitored for symptoms for 7-21 days. Leaves were photographed at intervals, if 

possible a symptomatic leaf was photographed along with a mock leaf from the 

same batch. Leaves (inoculated and systemic) were harvested from plants that 

developed symptoms (along with mock leaves), wrapped in foil and flash frozen in 

liquid nitrogen before being stored at -80°C. 

2.20 Immunostrip dipsticks for potyvirus 

ImmunoStrip® for Potyvirus Group test was received as 25 strips and buffer-filled 

bags. The leaf was ground inside the buffer, then the strip was placed in the buffer 

for 5-30 minutes. A control line appeared for all tests. A positive result showed a 

second red line in addition to the control line. A written result was recorded at the 

time of the test. Some results were photographed at the time of the test and others 
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later from strips stored in the lab book. The written results take priority, as it is 

possible the stored strips may have faded. Any strength of second line indicated a 

positive result. Nerine leaf samples were sent in by growers from different 

locations in the UK and were tested using the Immunostrip dipsticks for potyvirus 

in small batched groups as the samples arrived from growers, prior to being flash 

frozen in liquid nitrogen and stored at -80°C until use. 

2.21 Phylogenetic analyses  

Sequences were aligned using ClustalW and evolutionary analyses (phylogenetic 

trees) were produced using MEGA X (Kumar et al., 2018) to determine 

relatedness. ClustalW parameters for pairwise alignment were gap alignment 

opening penalty 15.00 and gap extension penalty 6.6. For multiple alignment, 

parameters were gap alignment penalty 15.00 and gap extension penalty 6.6. 

DNA matrix was IUB and transition weight 0.50, use negative matrix not selected, 

delay divergent cut-off selected 30% and keep predefined gap unselected. The 

evolutionary history was inferred by using the Maximum Likelihood method (Kumar 

et al., 2018) and Tamura-Nei model (Tamura & Nei, 1993). The bootstrap 

consensus tree inferred from 1,000 replicates is taken to represent the 

evolutionary history of the taxa analysed (Felsenstein, 1985). Branches 

corresponding to partitions reproduced in less than 70% bootstrap replicates were 

collapsed. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1,000 replicates) are shown next to the branches 

(Felsenstein, 1985). Initial tree(s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 

pairwise distances estimated using the Maximum Composite Likelihood (MCL) 

approach, and then selecting the topology with superior log likelihood value. 

Codon positions included were 1st+2nd+3rd+Noncoding. Evolutionary analyses 

were conducted in MEGA X (Kumar et al., 2018). 

2.22 Predicting secondary structure using RNAStructure software 

RNA Structure software (2012-2017 Mathews group) is available online 

(https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html) 

and can be used online through the RNAStructure webservers. It predicts a 

potential secondary structure from a sequence of RNA or DNA by combining four 

prediction and analysis algorithms. It calculates a partition function, predicts a 

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html
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minimum free energy structure, finds structures with the maximum expected 

accuracy and performs a pseudoknot prediction. It outputs probable (annotated 

with probability) secondary structure options ranging from the lowest free energy 

structure and also including other options with varied correctness probability. The 

title and sequence was input to the webpage and RNA was selected. The options 

were left as default and included temperature (K) 310.15, maximum loop size 30, 

maximum % energy difference 10, maximum number of structures 20, window size 

3, gamma 1, iteration (pseudoknot prediction) 1 and maximum helix length 3. Fold 

is used to predict the lowest free energy structure and a set of suboptimal 

structures (http://rna.urmc.rochester.edu/Text/Fold.html). MaxExpect predicts the 

maximum expected accuracy structure, a structure that maximises pair 

probabilities. The pair probabilities are generated using a partition function 

calculation (http://rna.urmc.rochester.edu/Text/MaxExpect.html). ProbKnot is used 

to predict a maximum expected accuracy structure that can contain pseudoknots 

(http://rna.urmc.rochester.edu/Text/ProbKnot.html). 

2.23 Primers 

Primers were ordered from Sigma Merck (https://www.sigmaaldrich.com/GB/en), 

with one batch (degenerates) from Integrated DNA Technologies 

(https://eu.idtdna.com/pages) and are detailed in the relevant chapters. 

2.24 Badnavirus identification and attempted validation 

As part of the total RNA screening of Nerine material using Illumina MiSeq several 

badnavirus-like contigs were output by Trinity 

(https://github.com/trinityrnaseq/trinityrnaseq) (2.17 Illumina MiSeq Sequencing). 

The longest of the badnavirus-like contigs was 2,131 bp. Primers were designed to 

this sequence (Table 2.24.1) and used in PCR along with degenerate badnavirus 

primers to validate the MiSeq data. Additionally directed Rolling Circle 

Amplification (RCA) and outward facing PCR using different combinations of 

primers were attempted to generated the full viral genome. Badnaviruses have 

been commonly identified and taxonomically assessed using the reverse 

transcriptase (RT)-ribonuclease H (RNaseH) region. Degenerate badnavirus-

specific primers Badna-FP/RP (Yang et al., 2003) were also used to amplify a 

known 579 bp fragment of the RT-RNaseH region. PCR was undertaken with 25 

µL of DreamTaq Green PCR master mix (2x), 2.5 µL of 10 µM of forward and 

http://rna.urmc.rochester.edu/Text/Fold.html
https://eu.idtdna.com/pages
https://github.com/trinityrnaseq/trinityrnaseq
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reverse primer, 1 µL of template DNA and made up to 50 µL with nuclease-free 

water; thermal cycling conditions; initial denaturation at 95°C for 2 minutes for 1 

cycle; denaturation at 95°C for 30 seconds, annealing temperature (Ta) (specific to 

primer combination, P1F/R, P2F/R, P1F/i5P2R and BadnaFP/BadnaRP) for 30 

seconds, extension at 72°C for 1 minute (increased for larger amplicons) for 35 

cycles followed by a final extension at 72°C for 10 min for 1 cycle. PCR products 

were separated using gel electrophoresis and visualised under UV light. Products 

of the approximately expected size were purified and ligation to TA vector was 

attempted with Sanger sequenced using the M13 primers. Resulting sequence 

data were compared to the NCBI database using BLASTn/BLASTx and aligned in 

Sequencher software (Gene Codes).  

 

Primer name Sequences (5’ - 3’) 

33i3-p1-F-badna CAGATTCTCCATGTAAGCAGC 

33i3-p1-R-badna CGGATGTTTACATCCAACCAG 

33i3-p2-F-badna GACTGTCTTGCTGTTGGATG 

33i3-p2-R-badna CATTTGGCAATCGTCCATGC 

33-i5-p2-R-badna CTGCAGCACATCCATCTTG 

BadnaFP ATGCCITTYGGIAARAAYGCICC 

BadnaRP CCAYTTRCAIACISCICCCCAICC 

badnaFP-phos ATGCCITTYGGIAARAAYGCI*C*C 

badnaRP-phos CCAYTTRCAIACISCICCCCAI*C*C 

33i3-p1-f-phos CAGATTCTCCATGTAAGCA*G*C 

33i3-p1-r-phos CGGATGTTTACATCCAACC*A*G 

33i3-p2-f-phos GACTGTCTTGCTGTTGGA*T*G 

33i3-p2-r-phos CATTTGGCAATCGTCCAT*G*C 

33-i5-p2-r-phos CTGCAGCACATCCATCT*T*G 

badna-out-p1 CCACGAACACCACTACGAAC 

badna-out-p3 CAGAGATTGGCCAGTGCCAAC 

badna-out-p4 CCACGAACACAACCACGAAC 

badna-out-p5 GCCTTGAGTAGGAGACCGTC 

badna-out-p6 CTCATGCCTACGCCTCACAAG 

badna-out-p7 CGCCATCGGGTATCTCGTAG 

33i3-i5-p3-f GCTCAGTGTCTGGGTCTTCAC 

33i3-i5-p4-r GACCACCAGGTTCCTAGCTG 

Table 2.24.1 Primers designed to the badnavirus-like contig identified from the MiSeq data. 

 

Directed RCA was undertaken using the method described by Sukal et al. (2019) 

with some amendments. DNA was extracted from plant tissue (the same sample 

that showed the badnavirus-like sequences from the Illumina MiSeq data) using 

DNeasy plant pro kit (Qiagen) as the kit specified it can extract viral DNA from 

plant tissues. RCA was also run with total nucleic acids extracted using a phenol 

chloroform method. Phi29 DNA Polymerase and buffer (NEB) were used instead 
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of TempliPhi 100 Amplification Kit (GE Healthcare) as Sukal et al. (2019) reported 

this gave greater opportunity for optimising the RCA reaction compared to a kit 

and increased episomal badnavirus DNA amplification when combined with 

specific primers. This method was reported as suitable for Sanger and Illumina 

sequencing. RCA primers were phosphorothioate-modified at the two terminal 3’ 

nucleotides to circumvent phi29 polymerase’s DNA exonuclease activity. The 

directed RCA used an annealing step then an amplification step. For the annealing 

step, 1× phi29 buffer (NEB) was combined with the badnavirus-specific primers at 

a final concentration of 0.4 μM of each primer and 1 μl DNA or TNA in a total 

volume of 10 μl. The solution was denatured at 95 °C for 3 min, cooled to 4 °C and 

placed on ice. A second mixture combined 1× phi29 buffer, 2 ng/μl BSA, 4 mM 

DTT, 15 mM dNTPs, 5 U of phi29 polymerase (NEB) and sterile nuclease-free 

water in a final volume of 10 μl. Sukal et al., (2019) added 2.5 μM of exonuclease-

resistant random hexamers to the second mixture (these were ordered but did not 

arrive in time, so the assay went ahead without them). The second mixture was 

combined with the denatured primer/template mixture. Reactions were incubated 

at 36 °C for 18 h, followed by enzyme inactivation at 65 °C for 10 minutes.  

PCR with outward facing primers and different primer combinations was attempted 

to generate the full genome. Primers were designed facing outwards from the 

existing sequence(s) to attempt amplification of the complete circular genome 

using PCR. Different combinations of the following primers badna-out-p1, badna-

out-p3, badna-out-p4, badna-out-p5, badna-out-p6, badna-out-p7, 33i3-i5-p3-f, 

33i3-i5-p4-r, were amplified with Nerine DNA in PCR reactions. Reactions 

contained 25 µL of DreamTaq Green PCR master mix (2x), 2.5 µL of 10 µM of 

forward and reverse primer, 1 µL of template DNA and made up to 50 µL with 

nuclease-free water; thermal cycling conditions; initial denaturation at 95°C for 2 

minutes for 1 cycle; denaturation at 95°C for 30 seconds, annealing temperature 

(Ta) (specific to primer combination) for 30 seconds, extension at 72°C for 1 

minute (increased for larger amplicons) for 35 cycles followed by a final extension 

at 72°C for 10 minutes for 1 cycle. PCR products were separated using gel 

electrophoresis and visualised under UV light. Fragments of the expected size 

were purified and ligated to a TA vector, checked using restriction enzyme 

digestion and then Sanger sequenced. Cloning and Sanger sequencing was 

challenging so the amplicons were also sequenced using Illumina DNA Prep kit 
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(Nextera flex). The library preparation fragments the input DNA, then tags the 

fragments with unique adapter sequences, so the fragments are short enough for 

the MiSeq. Additionally there was a PCR step to amplify the DNA and add 

indexes. The Illumina DNA Prep kit protocol was undertaken by Chris Conyers/Ian 

Adams at FERA. The data were trimmed with bbduk (https://jgi.doe.gov/data-and-

tools/bbtools/bb-tools-user-guide/bbduk-guide/) and assembled with metaSPAdes 

(https://github.com/ablab/spades). The contigs were searched using DIAMOND 

(https://github.com/bbuchfink/diamond) and the resulting diamond file loaded into 

MEGAN (https://computomics.com/megan.html) to extract contigs which had hits 

to viruses. Sequence data were compared to the NCBI database using 

BLASTn/BLASTx and checked for conserved regions using the NCBI conserved 

domain database (CDD) and by manually searching for previously reported 

badnavirus motifs. Contigs were generated in Sequencher from a combination of 

the Trinity and metaSPAdes Illumina contigs and the TA cloned Sanger sequence 

data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/
https://github.com/ablab/spades
https://github.com/bbuchfink/diamond
https://computomics.com/megan.html
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Chapter 3 Virus presence 

3.1 Introduction 

Nerine virus x (NVX) (Fuji et al., 2006; Pearson et al., 2009; Limbath et al., 2000), 

nerine yellow stripe virus (NeYSV) (Beddoe et al., 2020: Monger unpublished), 

nerine latent virus (NeLV) (Maat et al., 1978; Pearson et al., 2009; Limbath et al., 

2000), cucumber mosaic virus (CMV) (Hakkaart et al., 1975; Limbath et al., 2000) 

and vallota mosaic virus (ValMV) (Monger & Mumford, 2008) have been previously 

found to infect Nerine and related genera worldwide. Several plant virus 

identification methods have been used, as described in Chapter 1, including TEM, 

serological assays, reverse transcription polymerase chain reaction (RT-PCR), 

inoculation of indicator plants and hybridisation assays. This chapter outlines 

experiments used to identify if (and which) viruses were present in stock Nerine 

plant samples held at Canterbury Christ Church University (CCCU). Initial 

experiments were undertaken using: 

a) commercially available dipsticks (lateral flow device, a serological method 

where the test reacts to conserved potyvirus CP amino acids in the sample) that 

identified potyviruses to the group level, 

b) inoculation of indicator plants, and 

c) RT-PCR.  

Indicator plant species Chenopodium amaranticolor and Nicotiana benthamiana 

were chosen as they had been reported previously to react to Nerine viruses 

(Balasingham, 1988; Maat et al., 1978; Brunt et al., 1996). Indicator plant species 

Nicotiana tobacum ‘Samsun’ and ‘Xanthi’ and Nicotiana glutinosa were also used  

as they are standard indicator plants. RT-PCR was undertaken using primers 

designed to viral sequences available on the NCBI database. 
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3.2 Methods 

Full standard/manufacturer’s methods are presented in Chapter 2. Experimental 

methods are summarised here and additional, experiment-specific information is 

presented. 

3.2.1 Immunostrip dipsticks for establishing potyvirus presence  

The dipstick test is a lateral flow device based on a monoclonal antibody (PTY1) 

(Agdia, 2021), which reacts to amino acids in the conserved coat protein region of 

potyviruses. The protocol requires the test to be scored after 5 minutes and 

specifies that the dipstick can be left in the buffer for the reaction to take place for 

up to 30 minutes. To check that leaving the strips in the buffer for up to 30 minutes 

did not result in a false positive, a negative control was completed with the strip 

immersed in buffer for 70 minutes (Fig.3.2.1.1a). A dipstick test where RNA from 

the same sample subsequently tested positive using RT-PCR with specific NeYSV 

primers, served as a positive control (Fig.3.2.1.1b). Leaves were tested using the 

potyvirus dipstick method in small bulked groups (4 or 5 samples per group) as 

they arrived from growers.  

 

  

Fig.3.2.1.1a negative 

control 

Fig.3.2.1.1b positive control using a sample that subsequently tested 

positive for NeYSV using RT-PCR. 
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3.2.2 Indicator plants for establishing NeLV, NVX and NeYSV presence 

Indicator plants were grown, maintained and inoculated as per methods in Chapter 

2. C. amaranticolor, N. benthamiana, N. glutinosa, N. tobacum ‘Samsun’ and N. 

tobacum ‘Xanthi’ plants were inoculated with sap (2.19 Indicator plant seed 

collection, germination, growth and inoculation) from Nerine plants that showed 

virus-like symptoms and plants were checked for symptoms between 7-21 days. 

3.2.3 Phylogenetic analysis and primer design for RT-PCR 

NVX, NeLV and NeYSV sequences were identified and downloaded from the 

NCBI database. Sequences were aligned (in their respective groups) using 

ClustalW and phylogenetic trees were created using MEGA X (Kumar et al., 

2018). MEGA X program parameters are detailed in Chapter 2 (2.21 Phylogenetic 

analyses). The phylogenetic trees showed similarities between the viral sequences 

and influenced the choice of which sequence(s) were used to design primers. 

Specific primers were designed to NCBI sequences for NVX, NeLV and NeYSV 

covering the CP region of each virus. NCBI primer BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) tool was used to suggest priming 

sites, which were then aligned to sequence data in Sequencher software (Gene 

Codes).  

3.2.4 Primers 

Initial specific primers were designed to establish virus presence. NeLV virus 

presence was established using NeLV primers NeLV09 and NeLV10, which were 

designed to GenBank accession JQ395044.1 and generated a 1,476 bp product. 

NVX virus presence was established using NVX primers NVX09 and NVX10, 

which were designed to GenBank accessions NC_007679.1 and HQ166713.1 and 

generated a 1,293 bp product. NeYSV virus presence was established using 

NeYSV primers NeYSV09 and NeYSV10, which were designed to GenBank 

accessions EF362622.1 and EF362621.1 and generated a 1,332 bp product. 

Primer sequences are detailed in Table 3.2.4.1. 

Degenerate primer sequences were identified for potexvirus, carlavirus and 

potyvirus groups. Degenerate carlavirus primers Car-F2b and Not1pdt (Nie et al., 

2008), were reported to generate a ~900 bp product; potexvirus primers Potex-5 

and Potex-1RC (van der Vlugt & Berendse, 2002), were reported to generate a 
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737 bp product and potyvirus primers PV2 (Gibbs & McKenzie, 1997) and POT1 

(W Monger 2015, personal communication, 12 June), were reported to generate a 

~1000 bp product. 

Control primers were designed to Nerine rubisco (AM234807.1, Nerine sp. FF-

2006 chloroplast partial rbcL gene for ribulose bisphosphate carboxylase large 

subunit). NRB01 and NRB02 (Table 3.2.4.1) generated a 973 bp product and 

acted as a positive control for RT-PCR.  

Once MinION sequence data were available a search was made for Nerine actin 

sequences. A number of sequences were identified in the MinION data that shared 

similarities with narcissus actin sequences on NCBI (JX310699.1). Primers were 

designed to overlapping or single actin reads and tested for use as positive 

control/housekeeping primers (2.16.3 Validation of MinION data using RT-PCR 

and generation of actin control primers). Primer pairs Actin 1-2, Actin 5-6 and Actin 

13-14 (Table 3.2.4.2) were then separately amplified with cDNA and gDNA to see 

if the gDNA gave different sized amplicons to the cDNA. Amplification of Actin-1 

and Actin-2 primers with cDNA gave bands of the expected size (578 bp) and with 

gDNA gave bands of ~600 and 700 bp. 
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Primer  Sequence (5’-3’) Region Expected 
product size 

NeLV09 GATTCCGCAAGAGAATAAGTGCAC 
(designed to GenBank accession JQ395044.1) 

NeLV  CP   1476 bp 

NeLV10 CTAGGCCTTTCATTAGGTTGAAGGTC 
(Designed to GenBank accession JQ395044.1) 

NeLV  CP  

NVX09 CATATCTAGCGCTCACTAGGCACAG 
(designed to GenBank accessions NC_007679.1 and 
HQ166713.1) 

NVX CP   1293 bp 

NVX10 GCTATTAAGTCGCTCTATGTTAGCACGTG 
(designed to GenBank accessions NC_007679.1 and 
HQ166713.1) 

NVX CP  

NeYSV09 GAATGGTATTGAGCTAGAGCAG 
(designed to GenBank accessions EF362622.1 and 
EF362621.1) 

NeYSV CP   1332 bp 

NeYSV10 CTCACACCAAGAAGTGAGTG 
(designed to GenBank accessions EF362622.1 and 
EF362621.1) 

NeYSV CP  

Car-F2b GGRCTDGGDDGTVCCNACTGA 
(Nie et al., 2008) 

Carlavirus 3’ 
end 

~  900 bp 

Not1pdt ACTGGAAGAATTGGCGGCCGCAGGAATTTTTTTTTT 
(Nie et al., 2008) 

Carlavirus 3’ 
end 

 

Potex-5 CAYCARCARGCMAARGAYGA 
(van der Vlugt & Berendse, 2002) 

Potexvirus  
RdRp 

    737 bp 

Potex-
1RC 

TCAGTRTTDGCRTCRAARGT 
(van der Vlugt & Berendse, 2002) 

Potexvirus  
RdRp 

 

PV2 GGBAAYAAYAGYGGDCARCC 
(Gibbs & McKenzie, 1997) 

Potyvirus NIb 
and CP 

~1000 bp 

POT1 GACTGGATCCATTBTCDATRCACCA 
(W Monger 2015, personal communication, 12 June) 

Potyvirus NIb 
and CP 

 

NRB01 CGTTACAAAGGACGATGCTACCAC 
(designed to GenBank accession AM234807.1) 

Nerine  
Rubisco 

    973 bp 

NRB02 CGAACTGTAGTACGGAATCATCTC 
(designed to GenBank accession AM234807.1) 

Nerine 
Rubisco 

 

Table 3.2.4.1 Specific (NeLV, NVX, NeYSV) and degenerate (carlavirus, potexvirus, potyvirus) 

primer names and sequences, plus Nerine rubisco-based control primers. 

 

Name Sequence (5' to 3') Region Expected product size 

Actin-1 CCGCTCTGCAGTAGTTGTGA Actin sequence   578 bp 

Actin-2 CCGTTTGCGACAATGGTACT Actin sequence  

Actin-5 GTCTCTCGATTCCCGCTCTG Actin sequence   551 bp 

Actin-6 TAACCCACCCAGGGCTGTAT Actin sequence  

Actin-13 CCCATAGAACACGGCATCGT Actin sequence 1032 bp 

Actin-14 ACTCGGAGGAGAAACCCTCA Actin sequence  

Table 3.2.4.2 Names and sequences of primers designed to actin reads identified from MinION 

data that aligned to narcissus actin. 

 

3.2.5 RT-PCR 

Total RNA was extracted using an RNeasy Plant Mini Kit (QIAGEN) and cDNA 

was synthesised using RNA to cDNA EcoDry Premix (Double Primed) 

(TakaraBio). PCR was undertaken by amplifying cDNA using DreamTaq Green 2x 
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(Invitrogen) with CP region specific primers (NeLV09/NeLV10; 

NeYSV09/NeYSV10 and NVX09/NVX10). The PCR included primers at 1.25 μl 

each (10 μM), 6.25 μl of Dream Taq Green Master Mix x2, 3.25 μl of H2O and 1 μl 

of cDNA. The thermocycling conditions were 1 cycle of initial denaturation 95°C x 

2 minutes, 30 cycles of denaturation 95°C x 30 seconds, annealing (specific 

primers touchdown 64-55°C; degenerate primers 55 or 50°C) x 30 seconds, 

extension 72°C x 30 seconds, 1 cycle of final extension 72°C x 10 mins. PCR 

products were separated using agarose gel electrophoresis and visualised under 

UV light. Products of the expected size were purified (QIAquick PCR purification 

kit, Qiagen) and either Sanger sequenced (DBS Genomics, Durham) directly or 

ligated to pCR2.1 TA vector (Invitrogen) and Sanger sequenced. Obtained virus 

sequences were compared to NCBI/GenBank using BLASTn/BLASTx, then 

aligned to the reference sequence in Sequencher software. 
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3.3 Results 

3.3.1 Immunostrip dipsticks for establishing potyvirus presence  

The samples that were sent in by Nerine growers from different locations in the UK 

were used as samples for this dipstick assay (2.20 Immunostrip dipsticks for 

potyvirus). Fresh material (as it arrived by post from growers) as opposed to 

previously frozen material was used and positives were identified as a test line of 

any intensity. Table 3.3.1.1 summarises the results. Samples were tested in 20 

groups, 13 of the groups tested positive and 6 of the groups tested negative, 

suggesting widespread potyvirus presence. 

 

Group Nerine sample 
number 

Result of group Notes 

1 42-48 + weak positive 

2 49-52 + weak positive 

3 53-58 + very weak positive 

4 63 + weak positive 

5 73-78 + weak positive 

6 80-85 + weak positive 

7 86-87 + weak positive 

8 90-95 + weak positive 

9 103-107 + very weak positive 

10 108-112 + very weak positive 

11 113-117 + very weak positive 

12 118-123 - negative 

13 124-129 - negative 

14 130-135 - negative 

15 142-147 - negative 

16 148-152 - negative 

17 190-195 + very weak positive 

18 196,197 - negative 

19 198-203 + very weak positive 

20 204-209 + very weak positive 

Table 3.3.1.1 Summary of potyvirus dipstick results. 

 

3.3.2 Indicator plants for establishing NeLV, NVX and NeYSV presence 

Indicator plants were inoculated with sap preparation from Nerine sample 63 (N. 

sarniensis x bowdenii ‘Hera’), as per Chapter 2 (2.19 Indicator plant seed 

collection, germination, growth and inoculation). Inoculated leaves showed no 

obvious virus-like symptoms 8 days post inoculation (dpi), however, some 

crumpling and light dots were attributed to mechanical damage (Figs. 3.3.2.1b, d). 

One systemic N. tobacum ‘Xanthi’ leaf showed chlorotic veins 8 dpi (Fig.3.3.2.1g). 
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At 18 dpi some chlorotic patterns were observed on the inoculated and systemic 

leaves of an N. glutinosa plant (Figs.3.3.2.1j, k). At 21 dpi some chlorotic dots 

were observed on a systemic leaf of N. tobacum ‘Xanthi’ (Fig.3.3.2.1n) and some 

light dots and crumpling were observed on an inoculated leaf of N. benthamiana 

(Fig.3.3.2.1p). Some inoculated plants showed virus-like symptoms on some 

leaves at some times during some experiments. Symptoms were not consistent in 

all experiments over mock, inoculated and systemic leaves. 

 

  

  
Fig.3.3.2.1a C. 
amaranticolor, 8 dpi, 
mock leaf. Minor 
abrasions. 

Fig.3.3.2.1b C. 
amaranticolor, 8 dpi, 
inoculated leaf. Light 
dots. 

Fig.3.3.2.1c N. 
benthamiana, 8 dpi, 
mock leaf. 

Fig.3.3.2.1d N. 
benthamiana, 8 dpi, 
inoculated leaf. 
Crumpling. 

   

 
Fig.3.3.2.1e N. 
glutinosa, 8 dpi, mock 
leaf.  

Fig.3.3.2.1f N. 
glutinosa, 8 dpi, 
inoculated leaf. 

Fig.3.3.2.1g N. tobacum 
‘Xanthi’, 8 dpi, systemic 
leaf with light 
veins/dots. 

Fig.3.3.2.1h N. 
glutinosa, 18 dpi, mock 
leaf. 
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Fig.3.3.2.1i N. 

glutinosa, 18 dpi, 

inoculated leaf.  

Fig.3.3.2.1j N. 

glutinosa, 18 dpi, 

inoculated leaf.  

Fig.3.3.2.1k N. 

glutinosa, 18 dpi, 

systemic leaf.  

Fig.3.3.2.1l N. 

tobacum ‘Xanthi’, 21 

dpi, mock leaf. 

    

Fig.3.3.2.1m N. 

tobacum ‘Xanthi’, 21 

dpi, inoculated leaf. 

Fig.3.3.2.1n N. 

tobacum ‘Xanthi’, 21 

dpi, systemic leaf. 

Light dots.  

Fig.3.3.2.1o N. 

benthamiana, >21 dpi, 

mock leaf. 

Fig.3.3.2.1p N. 

benthamiana, >21  

dpi, inoculated leaf. 

Light dots.  

 

RNA was extracted from mock and systemic leaves of N. glutinosa showing 

potential virus-like symptoms at 18 dpi. cDNA was synthesised and used in a PCR 

with the following primer pairs, tobacco actin, NVX09-10, NeLV09-10, NeYSV09-

10. cDNA from the mock leaf amplified fragments using the tobacco actin primers 

but not using the NeLV, NVX or NeYSV primers. cDNA from the systemic leaf 

amplified products using the tobacco actin primers and a  weak product ~1476 bp 

product using the NeLV primers but not for the NVX or NeYSV primers. 

Inconsistent and non-reproducible symptoms resulted in the ceasing of use of this 

method of inoculating indicator plants.  

3.3.3 RT-PCR assays to identify viruses in Nerine leaf samples 

RT-PCR assays were undertaken to identify nerine latent virus (NeLV), nerine 

virus x (NVX) and nerine yellow stripe virus (NeYSV) sequences in plant material. 
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The specific methods are detailed in Chapter 2. NeLV and NeYSV were identified 

using primers designed to specific sequences, however, to identify potexvirus 

sequence required the use of degenerate primers (Table 3.2.4.1).  

3.3.3.1 NeLV 

NCBI held complete NeLV sequences obtained from various genera including 

Hippeastrum (NC_028111, JQ395043) and Narcissus (JQ395044) from Australia; 

Narcissus (NC_008552, AM182569) from China; Agapanthus (MT536156, 

MT536155), Amaryllis (MT536158, MT536159) and Clivia (MT536160, MT536157) 

from South Africa and Crinum (MG012804) from the USA. Partial sequences of 

NeLV are reported from Haemanthus (MK085064) from UK; Hippeastrum 

(HM119495, HM119499, HM119496, HM119500), Ismene (HM119501, 

HM119497), Narcissus (KY052163, KY052162, KY052161, KY052160, 

KY052159, KY052158, KY052157) and Nerine (HM119498) from the Netherlands; 

Narcissus (GQ205442, FJ546719, FJ606452) from New Zealand; Ornithogalum 

(KY769697, KY769681, KY769699) from South Africa and Haemanthus 

(KM396460, KM396459, KM396458, KM396457, KM396456, KC505178, 

KC505177), Hippeastrum (JX880024, JX848395, JX848394), Lycoris (JX978442, 

JX913805, JX901048, JX880023) and Narcissus (JX524885, JX524884) from 

Taiwan. Complete NeLV nt sequences were aligned using ClustalW, then a 

phylogenetic tree was generated using MEGA X (Kumar et al., 2018) 

(Fig.3.3.3.1.1).  

 
Fig.3.3.3.1.1 Phylogenetic analysis compared 11 complete nerine latent virus (NeLV) nucleotide 

sequences. NeLV sequences from Narcissus (China and Australia) and Clivia (South Africa) 

shared a small cluster (a). NeLV from Amaryllis (South Africa) sat alone. NeLV from Hippeastrum 

(Australia) and Ornithogalum (South Africa) also shared a branch (b). NeLV from Agapanthus also 

shared a branch (c). 
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Clustering and phylogenetic analyses of the complete NeLV sequences showed 

that there was a high degree of identity (Fig.3.3.3.1.1). NeLV from Ornithogalum, 

Amaryllis and Hippeastrum from South Africa are similar and shared a small 

cluster. NeLV from Crinum (from the USA) sat alone. NeLV from Agapanthus, 

Amaryllis, Clivia (South Africa) shared a cluster with Narcissus 

(China/Germany/Australia). Marijiniup 5 isolate (JQ395044.1), which was close to 

the NCBI reference for NeLV (Hangzhou-2005) on the phylogenetic tree was 

selected to design primers to, as phylogenetic analysis suggested NeLV 

sequences were very similar. Specific primers were designed to NeLV sequence 

JQ395044.1 and RT-PCR was undertaken. Carlavirus degenerate primers (Nie et 

al., 2008) did not amplify fragments when amplified with cDNA synthesised from 

RNA from Nerine sarniensis x bowdenii ‘Hera’ sample 63 (Fig.3.3.3.1.2a) but 

specific NeLV primers (NeLV09/NeLV10) designed to NeLV sequence 

JQ395044.1 did amplify a fragment of the expected size (Fig.3.3.3.1.2b).  

  
                  a                              b 

Fig.3.3.3.1.2 a) Gel electrophoresis image showing lane 1 ladder, lane 2 no product for carlavirus 
degenerate primers (~900 bp); b) Gel electrophoresis image showing lane 1 ladder, lane 2 band of 
the expected size for NeLV (1,476 bp). 
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Sequence analysis of the product showed that the TA cloned amplicon data 

shared 95 - 99% nucleotide similarities with NeLV isolates Marijiniup 5 

(JQ395044.1), Hangzhou-2005 (AM182569.2) and Crinum-US (MG012804.1).  

3.3.3.2 NeYSV 

Several partial NeYSV sequences covering the coat protein region were available 

on NCBI. These included two from Nerine plants (from the Netherlands, 

NC_043153.1, EF362621.1), seven from Crinum plants (from the USA, 

MG012805.1 and India, KJ886934.2, KJ886933.2.4, KM066971.1, KM066970.1, 

KM066969.1, KM066968.1), two from Amaryllis plants (from the USA, JX865782.1 

and New Zealand, FJ618537.1), and one each from Stenomasson (from the 

Netherlands, EU042758.1), Hymenocallis genus (from the Netherlands, 

EF362622.1), and Cyrtanthus plants (previously Vallota genus). Phylogenetic 

analysis of publicly available sequences is presented in Fig.3.3.3.2.1.  

 

Fig.3.3.3.2.1 Phylogenetic analysis compared 14 partial nucleotide NeYSV coat protein (CP) 

sequences. The NeYSV partial sequences loosely clustered into location groups with most of the 

sequences from Crinum (India) close together. Sequences from Vallota and Amaryllis (New 

Zealand) shared the next branch. Sequences from Amaryllis belladonna (the USA) and from 

Crinum (the USA) shared the next branch with Stenomasson sequences (the Netherlands). 

Sequences from Nerine and Hymenocallis (the Netherlands) share the next. 

 

Specific primers (NeYSV09/NeYSV10) were designed to NeYSV sequences 

NC_043153.1, EF362621.1 and RT-PCR was undertaken using cDNA 

synthesised from RNA from Nerine sarniensis x bowdenii ‘Hera’ sample 63. 

Degenerate primers (PV2; Gibbs & McKenzie, 1997 and POT1; Monger, 2015) 
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amplified fragments (Fig.3.3.3.2.2a) and specific primers (NeYSV09/NeYSV10) 

amplified fragments (Fig.3.3.3.2.2b). Multiple bands were visible using specific 

NeYSV09/NeYSV10 primers with some cDNA samples, including bands of the 

expected size (1,332 bp) and two non-specific bands. Amplified products of the 

expected size, 1,332 bp, were Sanger sequenced (DBS Genomics) and the 

sequence data were compared to the NCBI database. The amplified products of 

the expected size, 1,332 bp, shared 96% nucleotide identity with NeYSV partial 

CP sequence EF362621.1. 

 

  
                  a                              b 

Fig.3.3.3.2.2a) Gel electrophoresis image showing lane 1 ladder, lane 2 potyvirus degenerate 
primers (~1,000 bp), b) Gel electrophoresis image showing lane 1 ladder, lane 2 band of the 
expected size for NeYSV specific primers (1,332 bp) (plus other non-specific products) 
 

 

3.3.3.3 NVX  

Two complete genomes were available for NVX from Agapanthus, one from Japan 

(NC_007679) and one from Taiwan (HQ166713) and two partial RNA-dependent 

RNA polymerase (RdRp) sequences from Nerine (EF203683) and Agapanthus 

(EF203684) from the Netherlands. The sequences were aligned with ClustalW and 

a phylogenetic tree was generated in MEGA X (Fig.3.3.3.3.1).  
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Fig.3.3.3.3.1 Phylogenetic analysis compared complete NVX sequences from Agapanthus and two 

partial NVX sequences, one from Agapanthus and one from Nerine. The two RNA-dependant 

RNA-polymerase (RdRp) sequences shared a branch with each of the complete NVX sequences 

sitting on individual branches.  

 

Potexvirus degenerate primers (Vlugt & Berendsen, 2002) amplified fragments 

(Fig.3.3.3.3.2a) effectively when used in RT-PCR with cDNA synthesised from 

RNA from Nerine sarniensis x bowdenii ‘Hera’ sample 63 but NVX specific primers 

(NVX09/NVX10) designed to NVX sequences NC_007679.1 and HQ166713.1 did 

not (Fig.3.3.3.3.2b).  

  
                              a                    b 

Fig.3.3.3.3.2a) Gel electrophoresis image showing lane 1 ladder, lane 2 potexvirus degenerate 
primers (737 bp) from sample 63 Nerine sarniensis x bowdenii ‘Hera’; b) Gel electrophoresis image 
showing lane 1 ladder, lane 2 no band for NVX09/NVX10 primers from sample 63 Nerine 
sarniensis x bowdenii ‘Hera’. 
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Directly sequenced and TA cloned sequence data from the potexvirus (RdRp) 

amplicon showed similarities to NVX isolate IVT80054 RdRp, EF203683.1, 

suggesting that it was NVX. The sequence generated was compared to the 

publicly available sequences by alignment with ClustalW, then a phylogenetic tree 

was generated using MEGA X, which is shown in Fig.3.3.3.3.3.  

 

Fig.3.3.3.3.3 Phylogenetic analysis compared two complete nerine virus x (NVX), HQ_166713.1 

and NC_007679.1; two partial NVX sequences, EF203683.1 from Nerine and EF203684.1 from 

Agapanthus; with the newly generated sequence from the fragment generated by amplification with 

potexvirus degenerate primers (Vlugt & Berendsen, 2002) and cDNA synthesised from RNA extract 

from Nerine sarniensis x bowdenii ‘Hera’ sample 63. The evolutionary history was inferred by using 

the Maximum Likelihood method and Tamura-Nei model (Tamura and Nei, 1993). The tree with the 

highest log likelihood (-10139.12) is shown. The percentage of trees in which the associated taxa 

clustered together is shown next to the branches. Initial tree(s) for the heuristic search were 

obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise 

distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting 

the topology with superior log likelihood value. This analysis involved 5 nucleotide sequences. 

Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of 6583 positions in 

the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). 

 

3.3.3.4 Plant RT-PCR control primers 

To make a positive control for the RT-PCR assays, publicly available Nerine 

rubisco sequence from NCBI was chosen as a housekeeping gene. Control 

primers were designed to Nerine rubisco (AM234807.1, Nerine sp. FF-2006 

chloroplast partial rbcL gene for ribulose bisphosphate carboxylase large subunit). 

The primers were named NRB01 and NRB02 (Table 3.2.4.1), they generated a 

973 bp product and acted as a positive control for RT-PCR. Once MinION data 

were generated, actin primers were designed to sequence from sample 63 Nerine 

sarniensis x bowdenii ‘Hera’ to amplify an actin product (2.16.3 Validation of 

MinION data using RT-PCR and generation of actin control primers). 

Actin primer pairs Actin 1-2, Actin 5-6 and Actin 13-14 showed clear single bands, 

although actin 13-14 was amplified less effectively than the other pairs Actin 1-2 
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and Actin 5-6 (data not shown). These three were taken forward for further testing 

(Actin 1-2, Actin 5-6 and Actin 13-14). Primer pairs Actin 1-2, Actin 5-6 and Actin 

13-14 were separately amplified with cDNA and gDNA to see if the gDNA gave a 

different sized product (Fig.3.3.3.4.1). Actin 1-2 primers gave a product of the 

expected size (578 bp) with cDNA and two 2 slightly larger fragments using gDNA 

(~600 and 700 bp). Actin 5-6 gave a product of the expected size with cDNA (551 

bp) and two 2 slightly larger fragments using gDNA (~600 and 700 bp). Actin 

primers 13-14 gave a strong band of the expected size (1,032 bp) with cDNA and 

a weaker band of ~2000 bp, then with gDNA those primers generated a band of 

the expected size (1,032 bp) plus two smaller bands ~ 500 and 600 bp and a 

larger weaker band ~ 2,000 bp. The object of this assay was to generate a control 

primer pair that amplified plant cDNA of the expected size and gDNA of a different 

size. This is suggestive of the processing of a small intron and it gives a control for 

RNA and gDNA carryover in RNA(cDNA) samples. Primer pairs Actin 1-2 were 

used as positive controls in subsequent experiments.  

 

Fig.3.3.3.4.1 Gel electrophoresis image of RT-PCR using Actin primer sequences 1-2 and Nerine 

cDNA and gDNA from sample 79. Lane 1 ladder; lane 2 NRB negative control; lane 3 NRB positive 

control showing band of the expected size (973 bp); lane 4 empty; lanes 5-7 actin primer 1-2 with 

cDNA showing bands of the expected size (578 bp); lane 8 empty; lanes 9-11 actin primer 1-2 with 

gDNA showing 2 bands slightly larger than the expected size (~600 and 700 bp). 
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3.4 Discussion 

3.4.1 Immunostrip assay 

Immunostrip assays identified potyvirus infections in batched groups as they 

arrived from growers, indicating samples that should further be tested for NeYSV 

infection using RT-PCR. The Immunostrip test was a quick, easy and cheap 

method of providing an indication of a potyvirus infection. However, literature 

suggests NeYSV (Monger/Eames, 2014; Pearson et al., 2009; Limbath et al., 

2000), ValMV (Monger & Mumford, 2008) or NVY (Balasingham 1988; Eames, 

2015; Pearson et al., 2009; Limbath et al., 2000)) potyviruses might be present so 

further testing is necessary to identify virus species level infections. Sample 63 

tested positive using RT-PCR and the Immunostrip assay, showing the potyvirus 

Immunostrip may react to NeYSV. NeYSV does not appear on the validation 

report as reacting to the Immunostrip for potyvirus (Agdia, 2021). 

3.4.2 Indicator plants 

Symptoms similar to classical lesion hosts, previously reported in relation to 

Nerine viruses (Brunt et al., 1996), were observed on N. tobacum ‘Xanthi’, 8 dpi,  

as light dots on a non-inoculated systemic leaf (Fig.3.3.2.1g); on N. glutinosa, 18 

dpi, inoculated leaf as light dots and necrosis (Fig.3.3.2.1j); on N. glutinosa, 18 dpi, 

non-inoculated systemic leaf as chlorotic veins and light dots (Fig.3.3.2.1k) and on 

N. tobacum ‘Xanthi’, 21 dpi, non-inoculated systemic leaf as light dots and mild 

chlorotic veins (Fig.3.3.2.1n). However, we were not able to consistently replicate 

those reported symptoms. Reported symptoms included small chlorotic local 

lesions (not systemic) after 12 days (Brunt et al., 1996) on C. amaranticolor when 

inoculated with NeYSV or NVX. Additionally, C. amaranticolor was reported to be 

susceptible to NeLV but without symptom details (Balasingham 1988; Maat et al., 

1978). Chlorotic local lesions were seen on Nicotiana benthamiana which supports 

previous reports that NeYSV induces local lesions in this indicator species (Brunt 

et al., 1996), yet the systemic chlorotic vein-banding reported to follow the local 

lesions (Brunt et al., 1996) was not observed. The most pronounced symptoms in 

N. tobacum ‘Xanthi’ were observed at 20 dpi in systemic leaves and included 

chlorotic lesions/light dots. The most pronounced symptoms in N. glutinosa were 

observed at 18 dpi in inoculated and systemic leaves. We were not able to 

replicate the findings of Brunt et al. (1996) who reported that C. quinoa reacts with 
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chlorotic local lesions following infection with NeYSV; chlorotic and necrotic local 

lesions (10-15 days) followed by faint to severe systemic chlorosis when 

inoculated with NVX and chlorotic local lesions when inoculated with NeLV. 

Neither were we able to replicate systemic chlorotic vein-banding in N. clevelandii 

when infected with NeYSV (Brunt et al., 1996); nor faint chlorotic local lesions 

followed by systemic mild vein chlorosis when inoculated with NeLV (Brunt et al., 

1996). Similar inconsistent results using indicator plants were reported by Monger 

& Eden (2019).  

Inconsistency causes could include: 

• Poor mechanical transmission (possibly due to partial purification). 

• Low virus titre. 

• Mixed infections in the host plant could produce altered symptom 

presentation in indicator species (previously reported symptoms were for 

individual viruses).  

• Population evolution. 

 

Both mechanical transmission with sap and purified sap gave inconsistent results. 

An RT-PCR assay using cDNA made from a symptomatic Nicotiana glutinosa 

plant and NeLV09/NeLV10 primers (CP region) amplified a faint product, which 

suggested NeLV particles were sap transmissible from the Nerine plant, which 

supported observations by Balasingham (1989). It is tempting to suggest that the 

weak symptoms on inoculated and systemic leaves of N. glutinosa and the poor 

vigour of the plant were due to an induced NeLV infection. However, due to the 

inconsistencies of symptom induction and only having tested one symptomatic 

indicator plant, there is not enough evidence to suggest this. It can be said that 

NeLV CP products were present in the symptomatic plant and not the mock plant. 

This was similar to Balasingham (1989), who was not able to transfer particles 

from Nerine infected with a potexvirus (NVX) and a potyvirus (NeVY) to indicator 

plants; and Maat (1976) who was not able to transfer NVX particles from crude 

sap. We were not able to replicate the transmission of NVX particles from partially 

purified sap.  
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3.4.3 RT-PCR 

As high nucleotide similarity was observed between the NeLV amplicons and the 

NeLV reference sequences on the NCBI database, it was surprising that the 

degenerate carlavirus primers did not amplify products. The potyvirus degenerate 

primers and the specific NeYSV primers amplified products and high nucleotide 

similarity was observed between the amplicons and NeYSV partial sequences on 

the NCBI database. Another surprise was that although the amplicons generated 

using the potexvirus degenerate primers sequence shared similarity with the RdRp 

of NVX, the specific primers designed to complete NVX sequence on the NCBI 

database did not amplify products. As a result of sequence analysis of RT-PCR 

products we concluded that our Nerine stock was infected with NeLV, NeYSV and 

NVX. It was decided to use the sequence data from these amplicons as the basis 

for RACE PCR experiments to obtain the full viral sequences, as outlined in 

Chapter 4. 
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Chapter 4 Full-length viral sequences 

4.1 Introduction 

The presence of NeLV, NeYSV and NVX in plant samples was confirmed using 

experiments presented in Chapter 3. This chapter presents the experiments that 

were undertaken to generate full-length sequences for NeLV, NeYSV and NVX. 

These full-length sequences were generated and validated using a combination of 

RT-PCR, RACE PCR, TA cloning, MinION, Illumina and Sanger sequencing. The 

newly determined full-length viral sequences were then used in the construction of 

phylogenetic trees to determine how similar they were to previously described 

sequences. Additionally, sequences were tested for the presence of phylogenetic 

anomalies using the full suite of options in Recombination Detection Program 4 

(RDP4) (Martin et al., 2015; Martin & Rybicki, 2000). 

 

4.2 Methods 

The method to obtain full-length sequence differed slightly between NeLV, NeYSV 

and NVX. Each method is presented here as a summary and with specific 

information. Protocols as per manufacturer’s instructions are described in Chapter 

2. Leaves from a pot-grown Nerine plant (Nerine bowdenii x N. sarniensis ‘Hera’), 

which displayed virus-like symptoms, including chlorotic leaf patches were used as 

a source of virus material. Chapter 3 results suggested this plant was infected with 

NeLV, NeYSV and NVX. 

4.2.1 NeLV 

As the sequence identified in Chapter 3 shared high nt similarity with NeLV isolate 

Marjiniup 5 (JQ395044.1) from narcissus (Australia), RACE PCR was used with 

primers designed to the middle of JQ395044.1 (GSP1-NeLV/GSP2-NeLV) to 

generate two large amplicons. These amplicons were then cloned into TA vectors 

(pCR2.1 or pDrive) and Sanger sequenced by primer walking (primer sequences 

in Table 4.2.1.1). The consensus was compared to the NCBI database. 

Concurrently 1D cDNA MinION sequencing was undertaken as a non-targeted 

total RNA sequencing method. Illumina MiSeq sequencing was undertaken to 

generate improved quality data. The 5’ and 3’ UTRs were confirmed with RACE 

PCR.  
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Name Sequence (5’-3’) 

GSP1-NeLV CCACTGTGATTTTCAATCACGGCCGCACTC 

GSP2-NeLV GCAGGATGAAGATTACCTTGAGCCTGAAGC 

NeLV-mi-gsp1 GCGAGTGAACCATGCCGCTGTATGGGC 

5-f-p7-nelvr  GGCAAGCAGTGGTATCAACG 

5-f-p8-nelvr  CAATGCAGGTATTTACTTAAGCCC 

5-f-p9-nelvr  CGCTTGACTCCAAGATCCCT 

5-f-p9a-nelvr  ACTTTGCGAAATGGCTTCCTT 

5-f-p10-nelvr  CGAACAAGAAGCTGTAGCCC 

5-f-p11nelvr  CGAGGGCGGAAATTTTGAAGC 

5-f-p12-nelvr  CACAGGGGATCCATGCCAGA 

5-f-p13-nelvr  GTTATGGGGAAAGGTTCGGC 

pnblr5-5-f-p2  TCGCGAATTTGGAAAGCTTCA 

pnblr5-5-f-p3  CACTGAGGAAAGCATAGGGGA 

pnblr5-5-r-p3  GCCAAAGTTCCCAGAATCACG 

pnblr5-5-r-p3   GAGAAAGATGAATCTGTGGCCC 

pnblr5-5-r-p4  ACTCCTAAGTTTTTGGCCCTCT 

pnblr5-5-r-p5  TGACCCAGCTAAGATTTCTGGT 

pnblr5-5-f-p4  TTGCTCGAAACTCACTTCTGT 

pnblr5-5-f-p5  AGGTGGATAACAGCCTTGAC 

pnblr5-5-r-p6  CTTCCGGGATACACCTGCTC 

pnblr3b95-f-p1  GCCTTGACGCATCACAAGAT 

pnblr3b95-f-p2  TTGTGTACCAGGCTTTGGCA 

pnblr3b95-f-p3  TACCTCACACAGGCGACAAC 

pnblr3b95-f-p4  CCGCAGCATTAACCCCTCA 

pnblr3b95-r-p2  AAGTAGAAGGGTGCTGGCAA 

pnblr3b9-r-p2rc  TTGCCAGCACCCTTCTACTT 

pnblr3b95-r-p3  CGACAAAGTCGTTGACGCTC 

pnblr3b95-r-p4  TTACAGCGACCTCGAAAGCC 

Table 4.2.1.1 Primer sequences used to undertake RACE-PCR and to validate amplicons by 

primer walking. 

 

4.2.2 NeYSV 

Sequence data presented in Chapter 3 shared a high nt similarity to partial NeYSV 

sequences on the NCBI database, however, these partial sequences only covered 

the CP region. 5’ RACE PCR was attempted using a primer (Neysv1-gsp1-v1) 

designed to the partial sequence from the CP region at the 3’ end of the virus. 

Minion sequencing was undertaken to generate further sequence data. A primer 

designed to the conserved potyvirus CI region (CI-F), was paired with a primer 

designed to MinION data which resulted in the successful amplification of a 

product, which was cloned and sequenced. Further RACE PCRs were attempted. 

Illumina MiSeq sequencing was undertaken to generate higher quality data. The 

Illumina data were validated by amplifying overlapping regions of the sequence 

using primers designed to the MiSeq data (Table 4.2.2.1). Amplicons were cloned 

into TA vectors and Sanger sequenced. 5’ and 3’ RACE PCR was used to identify 

the complete 5’ and 3’ UTRs, using primers designed to the MiSeq sequence. 
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Name Region Sequence (5’-3’) 

Neysv1-gsp1-
v1 

CP GAGCGACACACTGTTGAGGATGTCAC 

CI-F CI GGIVVIGTIGGIWSIGGIAARTCIAC 

MIN-CI CI-to3’ GCCAACACGATTCCACACAC 

nysv-mi-A-F P1-HCPro GGGAAGTGTTCAACGGCCTA 

nysv-mi-A-R P1-HCPro CTCCCTCTAAGACCCCAGAC 

a6-p1-r-nysvmi P1-HCPro GTGAGTTTAAGCGCACTCCTC 

a6-p1-f-nysvmi P1-HCPro GTCGAAACGCGACACTGCAGAG 

B-new-F-nysv HCPro GACAGTGGAACATCGGATCTC 

B-new-R-nysv HCPro CGCCCACAATGTACTCCTTC 

nysv-mi-C-F HC-Pro-CI CAAGAAGTGCCGAGCTTCC 

nysv-mi-C-R HC-Pro-CI GACCCAACCTGGCCTCTG 

c7-p1-f-nysvmi HC-Pro-CI GCTTGCACAATAATTCGGCAGCG 

c7-p1-r-nysvmi HC-Pro-CI GATCACTCGGCATGTTATCCAC 

nysv-mi-D-F P3-6K2 CCACGGAGTTGCGTAGTTG 

nysv12 P3-6K2 GCCAACACGATTCCACACAC 

d5-p1-f-
nysvmi63 

P3-6K2 
CGTTGATCAGTTGAGCAAGC 

d5-p1-r-
nysymi63 

P3-6K2 
CGAAGGTCACTATCCAGTTCTGC 

nysv-mi-E-F CI-NIa-Pro GAGCGTTTGTGGCAAGTTGTTG 

nysv-mi-E-R CI-NIa-Pro GATCCAACAAGCGAGACACG 

e5-p1-f-nysvmi CI-NIa-Pro CACCGCATGATCCAATGCGAG 

e5-p1-r-nysvmi CI-NIa-Pro GTGGCTCGCTGCCCTTTGCTC 

nysv-mi-G-F NIa-Pro-CP CACCAGTTGAAGAGACCGAC 

nysv-mi-G-R NIa-Pro-CP CCACATTCACATCCTGGCTTG 

g-f-p1-
nysvmi63 

NIa-Pro-CP 
CACGATGATTGAGAAAGCGGG 

g-r-p1-
nysvmi63 

NIa-Pro-CP 
CTGCCTTATGCGTAGGACAC 

nysv-mi-H-F NIb-3’end GGTATTGAGTTGGAACAACAAGACTC 

nysv-mi-H-R NIb-3’end CTCCTTATAGAATTCCCTACCGAATGTG 

h6-p1-r-nysvmi NIb-3’end GTGCTCTAGCTAATTCAGTTCCGGC 

h6-p1-f-nysvmi NIb-3’end CCTTTGATACAACACAGTCAGC 

nysv-mi-gsp1-
v2 

5’ end 
GAACACTTCCCCACAGCGTGGGCACCAG 

Table 4.2.2.1 Primers used for NeYSV identification and validation. 

 

4.2.3 NVX 

Primers (potex-gsp2/potex-gsp1) for undertaking 5’ and 3’ RACE PCR were 

designed to the RdRp region, which sits roughly in the middle of the potexvirus 

genome in the replicase region. These primers amplified two large amplicons (one 

from 5’ RACE and one from 3’ RACE), which were cloned into TA vectors (pCR2.1 

or pDrive) and Sanger sequenced by primer walking (Table 4.2.3.1). MinION 

sequencing was undertaken to generate further data. Illumina MiSeq sequencing 

was undertaken to generate better quality sequence data. 

NVX MiSeq sequence data from the RdRp region to the 5’ end was validated by 

designing primers in overlapping regions to the MiSeq data (Table 4.2.3.1) to use 
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in RT-PCR. The amplicons were cloned to TA vectors and Sanger sequenced. 

The region from the RdRp to the 3’ end was validated by aligning the MiSeq data 

to previously sequenced RT-PCR data from the RdRp to the 3’ end. 5’ and 3’ 

RACE PCR was used to identify the complete 5’ and 3’ UTRs. 

 

Primer name Sequence (5’-3’) 

potex-gsp2 CCCGTGTCCGCCCTCATCAACGGG 

potex-gsp1 GGCGCATGATGGCGAGGGTGCCCAG 

GSP1 GCGACATTGCAGGGGCGTCGGAGTTACC 

nvx.r.3.f.p1 GACGCTAACACGGAATGCTC 

nvx.r.3.f.p2 AACCGGTCGTCATTCACTCC 

nvx.r.3.f.p3 GACTACACCCACATCATCC 

nvx.r.3.f.p4 CTTCGTCATCTCTGAGGCCC 

nvx.r.3.f.p5 CTGCCAACTGGTCCAAGATG 

nvx.r.3.r.p1 GTCGGTTTTGGATGTTGCTGG 

nvx.r.3.r.p2 GGCGGGTAGAGATGACGTG 

nvx.r.3.r.p3 GAAGTCGGCGTAGTAGCCTG 

nvx.r.5.r.p1 CCGCGTAGTTTTCGAAGAGG 

nvx.r.5.r.p2 CACAACGGGGTGTTGTTGTC 

nvx.r.5.r.p3 CACGAAAGCCTCCAAGTAGC 

nvx.r.5.r.p4 GTCAAGGCGGAGCTCATTGG 

nvx.r.5.r.p5 GGTGATGGAGTCTTCCTCAG 

nvx.r.5.r.p6 GCTCTTTGAGCACTCATCCG 

nvx.gsp1 GGCGCATGATGGCGAGGGTGCCCAG 

nvx.gsp2 CCCGTGTCCGCCCTCATCAACGGG 

nvx.gsp1.v2 CGACGGGTTCGAGTAGCGCGCGTTCAAAGG 

nvx.gsp1.v3 GGGTTGAGATTTGGTCAGCAAGCCGGCTGCG 

Nvx-mi-A-f GCACCTTACAAGGTCCTCCAG 

Nvx-mi-A-r CTGGAACTCGTGGTGGTAAGC 

Nvx-mi-B-f CGAGTAGACACCGACACTGC 

Nvx-mi-B-r CGATGTGGATCACTTCCGTGG 

Nvx-mi-C-f GGACCTCTTCGCCAAAGTGAG 

Nvx-mi-C-r CTCCTCAGAATTGCCAGACGG 

Nvx-mi-D-f GCTTACACCCACCTTAGCAAGC 

Nvx-mi-D-r GACCACAGTCCCAGGCCTC 

Table 4.2.3.1 Primer sequences for identification and validation of nerine virus x. Primers were 

designed to RACE clones, used for primer walking and to extend sequence towards the 5’ end. 

Primers with the prefix nvx-mi were designed to MiSeq contig and used for validation 

 

4.2.4 MinION sequencing and analysis 

A MinION cDNA library was prepared and sequenced (SQK-LSK108 kit/R9 

flowcell, Oxford Nanopore Technologies) as per manufacturer’s instructions. To 

improve accuracy, reads were basecalled with Guppy3.3 (Oxford Nanopore 

Technologies) with high accuracy base calling selected, quality checked using 

NanoPlot (https://github.com/wdecoster/NanoPlot), NanoQC 

(https://github.com/wdecoster/nanoQC), and Nanofilt 
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(https://github.com/wdecoster/nanofilt) and analysed using the Pomoxis pipeline 

(https://github.com/nanoporetech/pomoxis).  

4.2.5 Illumina sequencing and RACE PCR (cloning and sequencing) 

A MiSeq cDNA library was created, sequenced and analysed using the method 

described by Fribourg et al. (2019). This included total RNA extraction from plant 

leaf material and a DNAase treatment. Plant ribosome RNA was removed and an 

indexed library was produced. The indexed library was sequenced using a MiSeq 

instrument (Illumina). The generated paired reads were trimmed to a quality score 

of 20 using Sickle (part of Angua3 Pipeline 

(https://github.com/SamMcGreig/Angua3)). Reads were assembled de novo using 

Trinity (https://github.com/trinityrna seq/trinityrnaseq) version 2.8.4. BLAST+ was 

used to compare the generated contigs to the GenBank non-redundant and 

nucleotide databases. Reads of viral origin were extracted using MEGAN (part of 

Angua3 Pipeline (https://github.com/SamMcGreig/Angua3)). The MiSeq 

assemblies (NVX and NeYSV) were confirmed by RT-PCR using primers 

designed to the MiSeq data in overlapping regions, and the resulting amplicons 

were TA cloned and Sanger sequenced. Sequences generated by RT-PCR and 

RACE PCR were compared to the MiSeq assembly. 

4.2.6 RT-PCR, cloning and sequencing validation 

Total RNA was extracted using an RNeasy Plant Mini Kit (QIAGEN) (2.2 RNA 

extraction) and cDNA was synthesised using RNA to cDNA EcoDry Premix 

(Double Primed) (TakaraBio) following the manufacturer’s instructions (2.5 

Reverse transcription (RT) of RNA to cDNA). The presence of NeLV and NeYSV 

was confirmed by amplifying cDNA using DreamTaq Green 2x (Invitrogen), with 

coat protein (CP) specific primers. The presence of NVX was confirmed by 

amplifying cDNA using DreamTaq Green 2x (Invitrogen) with potexvirus 

degenerate (RNA-dependent RNA polymerase (RdRp) region) (2.6.1 BioBasic Taq 

DNA Polymerase and 2.6.2 DreamTaq Green PCR Master Mix (2X)). Purified 

(QIAquick PCR Purification Kit, QIAGEN (2.9.2 Qiagen QIAquick PCR 

Purification)) fragments were ligated to either pCR2.1 or pDrive TA vectors (2.10 

Cloning) and Sanger sequenced (DBS Genomics, Durham). The resulting 

sequence was compared to sequences in the NCBI database using 

BLASTn/BLASTx.  

https://github.com/nanoporetech/pomoxis
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4.2.7 Bioinformatics 

In addition to the bioinformatic pipelines and programs described in 4.2.5 Illumina 

sequencing and RACE PCR (cloning and sequencing), Sanger sequences and 

contigs were assembled in Sequencher (Gene Codes (2.14 Processing and basic 

analysis of sequence data)), sequences were compared to databases using basic 

local alignment tools (2.14 Processing and basic analysis of sequence data). 

Clustal alignments were generated using ClustalW (2.21 Phylogenetic analyses) 

and phylogenetic trees were generated using MEGAX (2.21 Phylogenetic 

analyses).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 
 

4.3 Results 

4.3.1 NeLV  

RACE PCR amplified two large fragments and sequence analysis generated an 

8,315 nt contig. This method generated nearly full-length sequence that aligned to 

NeLV reference and other NeLV isolates using NCBI BLASTn/BLASTx. The 

consensus shared between 77.31% and 97.87% with other NeLV isolates (Table 

4.3.1.1).  

 

Name Genus 
NCBI 
Accession 

% 
identity 

% 
cover 

e-
value 

Country 

Marijiniup5 Narcissus JQ395044.1 97.87% 99% 0 Australia 

19-3044 Clivia MT536160.1 97.32% 99% 0 South Africa 

Hangzhou-2005 Narcissus AM182569.2 97.03% 99% 0 China 

19-3013 Agapanthus MT536156.1 96.50% 99% 0 South Africa 

19-3001 Agapanthus MT536155.1 96.41% 99% 0 South Africa 

Amaryllis-1 isolate 19-3029 Amaryllis MT536158.1 96.23% 99% 0 South Africa 

19-3019 Clivia MT536157.1 96.12% 99% 0 South Africa 

Crinum-US Crinum MG012804.1 94.47% 99% 0 USA 

trinity_D_66084_8284nt Ornithogalum KY769699.1 77.55% 87% 0 South Africa 

Marijiniup4 Hippeastrum JQ395043.1 77.31% 87% 0 Australia 

Table 4.3.1.1 Percentage identities of NeLV UK (cloned RACE amplicons by primer walking) 

Nerine sequence shared with other NeLV isolates. 

 

MinION sequencing produced data which aligned to the 8,315 RACE-PCR 

generated contig. An 8,254 nt NeLV-like contig was produced using the MinION 

data and the Pomoxis pipeline. Illumina MiSeq data were quality checked and 

assembled using Trinity software and it generated an 8,262 nt contig, which 

aligned to previous contigs. Sequence coverage or depth describes the average 

number of reads that align to a known reference. The average number of 

sequences that contributed to the NeLV contig was 208.867; calculated by 

mapping raw reads to the two NeLV Trinity contig(s) using bwa mem 

(https://github.com/lh3/bwa). The resulting .sam file was converted to a .bam file, 

sorted and indexed. Average coverage was then calculated using bbmap, (part of 

the bbtools software suite https://jgi.doe.gov/data-and-tools/bbtools/). Sequence 

data from cloned RACE PCR products aligned to the MiSeq data and so was 

considered validation (instead of designing primers to the MiSeq sequence and 

then generating amplicons and comparing sequence data). Multiple base pair 

differences were identified between the cloned RACE-PCR-generated, MinION-

https://github.com/lh3/bwa
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generated and MiSeq-generated sequences, eight of which were potential coding 

differences. An additional 5’ RACE PCR experiment did not extend sequence 

beyond the MiSeq 5’UTR region.  

 

The consensus of the MiSeq contig and the final 5’ RACE sequences was deemed 

to be the complete NeLV sequence. The full-length NeLV UK Nerine isolate 

sequence was 8,303 nt, excluding the poly(A) tail. The consensus was submitted 

to GenBank as accession MZ643994 (Appendix 1). Genome organisation 

(Fig.4.3.1.1) was typical of a carlavirus including an 83 nt 5’ UTR, six ORFS; 

replicase, TGB1-3, CP, NTBP and a 34 nt 3’ UTR. A comparison of 5’ and 3’ UTRs 

showed the NeLV UK Nerine isolate UTR lengths fell within the range of other 

carlaviruses (5’ UTRs from 186-45 nt and 3’UTRs from 152-32 nt) and other NeLV 

isolates (5’ UTR’s from 58-186 nt and 3’ UTRs from 32-39 nt). Several conserved 

carlavirus motifs were identified in the NeLV UK Nerine sequence and are 

summarised in Table 4.3.1.2, numbered from the beginning of respective ORFs. 

The UK Nerine isolate shared high nt similarities with other NeLV isolates (73.3-

87.6 % identity) (Table 4.3.1.3).
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Fig.4.3.1.1 Schematic representation of nerine latent virus (NeLV) (MZ643994) genome organisation. The 5’ and 3’ untranslated regions (UTRs) at the far left and 

right of the genome line. The boxes below and above the genome line represent the six ORFs, the numbers below the box show the last nucleotide (nt) position of 

the region and the total nt length exclusive of the poly(A) tail. The initiation codon sequence starting at nt position 84 is 84 CACATGGC 88. The six ORFs encode; 

ORF1 - Replicase, ORF2 – TGB1, ORF3 –TGB2, ORF4 – TGB3, ORF5 - CP and ORF6 - NTBP. The numbers next to the region show the amino acid (aa) length 

of the region.  
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Motif Region Published conserved regions NeLV-UK sequence details 

MTR ORF1 DxxR  
(Aritua et al. 2007) 

129DRIR132 152DERR155  457DGTR460 

461DYLR464  

 

HEL 
motif/NTP-
binding 

ORF1 G/AxxGxGKS/T 
(Aritua et al. 2007) (Fuji et al. 2002) 
(Spiegel et al. 2007) (Smith & 
Campbell 2004) 

1079GTFGSGKS1086  

 

RdRp ORF1 DxxxxD, TGxxxTxxxNT 
(Aritua et al. 2007) 

136DFVGVD141, 
1182DPCQSD1187,1243DFIILD1248, 
1252DFKGAD1257 

1714SGEASTFLFNT1724  

POL ORF1 GDD 
(Aritua et al. 2007) (Fuji et al. 2002) 
(Spiegel et al. 2007) (Smith & 
Campbell 2004) 

883GDD885, 1488GDD1490, 1747GDD1749  

Protease ORF1 P-PRO 
(Smith & Campbell 2004) (Hataya et 
al. 2000) 

805GDGDC809x85H895x12C908Ax80H
989IEKVK994 

Protease 
catalytic 
domains 

ORF1 G917DGYC921FWHS-80- 
VKGMH1010FEPLVPKNDC1020VIT
A-76-HMTH1104LPARK 
(Smith & Campbell 2004) 

805GDGDC809x85H895x12C908Ax80H
989IEKVK994 
 

ORF1 ORF1 MALTYR 
(Scott & Zimmerman 2008) 

1MALTYR6 

    

NTP-binding  ORF2 

GKS 
(Spiegel et al. 2007) (Cohen et al. 
2003) (Cavileer et al. 1994) 32GKS34, 123GKS125 

Helicase ORF2 

GXGKS/T 
(Smith & Campbell 2004) (Cohen et 
al. 2003) (Ohkawa et al. 2007) 30GFGKST35 

sub genomic ORF2 

C/UUUAGGU ORF2 possible 
promoters for sub genomic 
expression 
(Cohen et al. 2003) CTTTAGCT IN ITR 

TGB TGB 

TGB overlapping 2,3,4 
(Spiegel et al. 2007) (Smith & 
Campbell 2004) Present, see org. diagram. 

ORF2 ORF2 
MDV 
(Scott & Zimmerman 2008) 1MDI3 

ORF2 ORF2 
VPGAGKSSLIR 
(Scott & Zimmerman 2008) 28VPGFGKSTLIR38 

    

ORF3 ORF3 

M-P-L-T/S-P/A-P-P-(X)2-T/S  
H-X-L-P-H 
F-G-G-X-Y-J 
Q-D-G-T-K-X-I 
(Cohen et al. 2003) (Hataya et al. 
2000) 

1MPLTPPPDYST11 

42HHLPH46 

46HGGRY50 

50RDGTKKI57 

ORF3 ORF3 
MPLTPP 
(Scott & Zimmerman 2008) 1MPLTPPP7 

ORF3 ORF3 
GDxxHxLPHGG 
(Scott & Zimmerman 2008) 38GDNIHHLPHGG48 

ORF 3 ORF3 

MPLT=SP=APPxxT=S  
Px2GDx2Hx2Px2GDx2Hx2PSGGxY
xDGTKx3Y  
(Aritua et al. 2007) 

1MPLTPPPDYS8 
34PHTGDNIHHLPHGGRYRDGTKK
IDY59 

    

ORF4 ORF4 
C-X-U-X-U-X-G-(X)2-&-X-&-(X)2-C 
(Hataya et al. 2000) 

6789CTATCTGTTTTTC6802 
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Motif Region Published conserved regions NeLV-UK sequence details 

CP ORF5 
T-G-G(-X-X-G 
(Hataya et al. 2000) 279TGGLYG284 

PolyA signal ORF5 
(R/K)FA(G/A)FDXFXXVXXXAA 
(Henderson et al. 1992) 220KFAAFDTFDYIRNPAA235 

ORF5 ORF5 
AAFD 
(Scott & Zimmerman 2008)  221AAFD225 

ORF5 ORF5 

SNNMATTEQMAKIVSAIAGLGVPTE
QV 
SAVILQTVIQCSSYSSSTFLNPDGS
VEFEGGAVPIDAIVAIMKRDSTLRKV
CRYYAKVVWNYMLVQNQPPANWA
AMGFPEEAKFAAFDFFDGVLNPAA
LQPPEGLIRRPTPAE  
(Scott & Zimmerman 2008) 

 
110STAVATAQQLIEISAKLQGLGVP
PESIAPMVWDTAMYCASAGSSDK
MDPQGTVEFPGGAITRDSVVATIK
EYTTLRAFCRAYAPIVWNYMIGTN
QPPANWQAKGFSEQTKFAAFDTF
DYIRNPAAIKPLEGLIRSPTNEE250 

ORF5 ORF5 
Dx16–20TGG  
(Aritua et al. 2007) 263DX15TGG281 

    

NTBP, zinc 
finger ORF6 

C-X2-CX12-C-X4-C. 
(Fuji et al. 2002) (Spiegel et al. 2007) 
(Smith & Campbell 2004) (Badge et 
al. 1996) (Cavileer et al. 1994) (Fujita 
et al. 2018) (Brattey et al. 2002) 70CX2CX8C82  missing a C 

 ORF6 

GGAGTAACC (or T) 
GAGGTGATACC  (Badge et al. 
1996) Not identified. 

CRP ORF6 
arginine-rich nuclear localization 
signal (NLS) (Fujita et al. 2018) 44AX5AX8AX4A 

3'UTR and 
ORF6 ORF6 

AT-rich stretch preceding the polyA 
(Gramstat et al. 1990) 

TGAAAGGCCTAGTTTGGTTTTAT
CGATAATTTACC 
 

zinc finger ORF6 

G-X-S-(J)5–7 in (X) 13-C-X-J-C-X-J-
(X)8–11-C-(X)4-C (J= R/K) 
(Hataya et al. 2000) 

GTSKSAIKRRAMRENRCYKCGKD
YHKNKC…? 

ORF6 ORF6 

ORF6 presence between CP/poly-A 
tail that distinguishes carla- from 
potexviruses. 
(Smith & Campbell 2004) ORF6 present 

pathogenicity 
determinant 
 ORF6 

G-X-SX2-A-X2-R-R-A-X5-C-X2-C 
(Ohkawa et al. 2007) 54GTSKSAIKRRAMRENRCYKC73 

NTBP ORF6 

ORF6 of SPCFV partially overlaps 
CP and is located in a different 
frame.  
(Aritua et al. 2007) 

ORF6 does not overlap ORF5 but 
is in a different frame. 

    

hexanucleotid
e motif 3'UTR 

UAUUUC or UAUUUU 
(Hataya et al. 2000) 

TATTTC in ORF6 
Maybe another site would show in 
additional RACE. 

hexanucleotid
e motif 
involved in 
replication, 
transport, 
RNA stability, 
or translation. 
 3'UTR 

ACCUAA 
(Smith & Campbell 2004) 

ACCTAA in ORF6 
Maybe another site would show in 
additional RACE. 
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Motif Region Published conserved regions NeLV-UK sequence details 

ITR ORF1-2 ITR HpLV, ITR ORF 1-2 of 57 nt (F) 
(Hataya et al. 2000) 
PLV, ITR ORF 1-2 of 27 nt (C) 
(Spiegel et al. 2007) 
PopMV ITR ORF1-2 of 61 nt (D) 
(Smith & Campbell 2004) 
CVB-S, ITR ORF1-2 of 32 nt (H) 
(Ohkawa et al. 2007) 
SPCFV, ITR ORF1-2 of 5 nt (A) 
(Aritua et al. 2007) 

ITR between ORF1-2 of 38 nt 
 

ITR ORF4-5 ITR ITR between ORFS 4-5 of 35 nt (F) 
(Hataya et al. 2000) 
SPCFV, ITR ORF4-5 of 234 nt (A) 
(Aritua et al. 2007) 

ITR between ORF4-5 of 37 nt 

ITR ORF5-6 ITR CVB-S, ITR OFR5-6 of 16 nt (H) 
(Ohkawa et al. 2007) 

ITR between ORF5-6 of 1 nt 

Sub-genomic 
promoter 

ITR C/UUUAGGU, Between ORF1-2 
(Hataya et al. 2000) 

CTTTAGC appears twice in ITR 
between ORF1-2 

ITR ORF4-5 CCTTTAGGTT, pos viral 
translational  
enhancer (VTE) 
(Smith & Campbell 2004) 

CTTAGGTT appears in ITR 
between ORF4-4 

Table 4.3.1.2 Conserved carlavirus motifs. 

 

Name Genus NCBI 
Accession 

% identity % 
cover 

e-
value 

Country 

Marijiniup5 Narcissus JQ395044.1 97.86 99 0 Australia 

19-3044 Clivia MT536160 97.35 99 0 
South 
Africa 

Hangzhou-2005 Narcissus AM182569.2 97.04 99 0 China 

19-3013 Agapanthus MT536156.1 96.54 99 0 
South 
Africa 

19-3001 Agapanthus MT536155 96.48 99 0 
South 
Africa 

Amaryllis-1 isolate 19-
3029 

Amaryllis MT536158 96.26 99 0 
South 
Africa 

19-3019 Clivia MT536157 96.24 99 0 
South 
Africa 

Crinum-US Crinum MG012804.1 94.52 99 0 USA 

trinity_D_66084_8284nt Ornithogalum KY769699.1 77.51 86 0 
South 
Africa 

Marijiniup4 Hippeastrum JQ395043.1 77.28 86 0 Australia 

Amaryllis-2 isolate 19-
3029 

Amaryllis MT536159 73.3 86 0 
South 
Africa 

Table 4.3.1.3 Percentage identities of Nerine-derived NeLV sequence shared with other NeLV isolates. 

 

NeLV UK Nerine isolate sequence was compared to other complete carlavirus nucleotide 

sequences as listed by ICTV (2021) including NeLV isolates (JQ395043.1, Marijiniup 4, 

Hippeastrum, Australia; JQ395044.1, Marijiniup 5, Narcissus, Australia; MG012804.1, 

Crinum-US, Crinum, the USA; KY769699.1, Ornithogalum, South Africa; MT536155.1, 

Agapanthus, South Africa; MT536156.1, Agapanthus, South Africa; MT536159.1, 
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Amaryllis, South Africa; MT536157.1, Clivia, South Africa; MT536158.1, Amaryllis, South 

Africa; and MT536160.1, Clivia, South Africa). Sequences were aligned using ClustalW 

and then a phylogenetic tree (Fig.4.3.1.2) was generated using MEGA (Kumar et al., 

2018; Tamura & Nei, 1993; Jones et al., 1992).  

 

Fig.4.3.1.2 Phylogenetic tree comparing 11 complete NeLV plus the NeLV isolated from UK Nerine and 

43 carlavirus nucleotide sequences. The UK Nerine isolate MZ643994 (highlighted by the box) sits 

amongst the other NeLV isolates, sharing a high similarity with an Amaryllis isolate (South Africa) above 

and the main NeLV/Narcissus symptomless virus accession below. The one below that from Narcissus 

(Australia) is the accession that the specific primers NeLV09/NeLV10 were designed to. 

 

The MZ643994 sequence identified from Nerine sarniensis x bowdenii sample 63 from 

the UK clusters with the other complete NeLV sequences at the bottom of the tree, sitting 

between a sequence from Amaryllis (MT536158.1) and a narcissus symptomless virus 
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sequence (NC_008552). Complete carlavirus nt sequences were tested for the presence 

of phylogenetic anomalies using the full suite of options in RDP4 with default parameters 

(Martin et al., 2015; Martin & Rybicki, 2000). A possible recombination event was 

detected with isolate Marijiniup 5 (JQ395044.1) as the major parent and Marijiniup 4 

(NC_028111.1) as the minor parent, with a total of six sequences detected by different 

methods (Table 4.3.1.4). If an event is detected by four or more methods it is considered 

a recombination event. 

 

Methods Number of sequences 
detected by each method 

Average P-Value to illustrate the degree of 
certainty relating to the potential recombination 
event 

RDP 1 1.884 x 10-41 

GENECONV 1 2.149 x 10-38 

BootScan - - 

MaxChi 1 2.816 x 10-07 

Chimaera 1 9.208 x 10-08 

SiScan 1 6.499 x 10-11 

3Seq 1 1.152 x 10-11 

LARD - - 

Phylpro - - 

Table 4.3.1.4 Confirmation table from RDP4 showing the methods used and the number of sequences 

detected by those methods. 

 

4.3.2 NeYSV  

5’ RACE PCR using a primer designed to the CP region of the NeYSV sequences 

(Chapter 3) was unsuccessful. MinION sequencing generated further sequence from the 

CP to the 5’ end but it was not the complete sequence, nor was the quality appropriate to 

display the expected ORFs. A 3675 nt contig was generated from the original basecalled 

data and a 4417 nt contig was generated from Guppy 3.3 basecalled data (Q7 quality 

filter). The contig(s) now covered the CP to ~2/7 kb from the 5’ end. Sequence analysis 

of the fragment generated with a degenerate potyvirus primer (CI For) designed to the CI 

region (Ha, et al., 2008), paired with a reverse primer designed to MinION data (MIN-CI) 

yielded poor quality sequence data. Further 5’ RACE attempts were unsuccessful. 

Although a larger region of the viral sequence was now identified, the quality was not 

high enough to display the expected ORFs. Illumina Miseq sequencing generated higher 

quality data. The MiSeq data produced a single 10,148-nt contig of NeYSV. The contig 

gave a full potyvirus-like ORF in the second frame and the average sequencing depth 

was 71.8. Sequence data from the RT-PCR/TA cloned validation process aligned to the 

MiSeq contig and the additional 5’ and 3’ RACE PCR confirmed the complete 5’ and 3’ 



98 
 

UTRs. The consensus was submitted the GenBank/NCBI under accession MT396083.1 

(genome annotation presented in Appendix 2). Multiple base pair differences were 

identified between the MiSeq assembly and the cloned sequence data that were derived 

from RT-PCR using primers designed based on the MiSeq assembly, three of which 

were potential coding differences (data not shown).  

The genome (10,165 nt) organisation is typical of a potyvirus, including a 106-nt 5’ UTR, 

a single ORF encoding a 3,294-aa polyprotein, and a 174-nt 3’ UTR with a poly(A) tail. 

The observed NeYSV UTRs fell within the range of the UTRs of other potyviruses. 

Potyviruses listed on ICTV species list (2019) 5’ UTR lengths range from 26 to 459 nt, 

shallot yellow stripe virus (SYSV) has the shortest 5’ UTR (26 nt) and cyrtanthus elatus 

virus A (CyEV-A), the longest (459 nt). Potyvirus 3’ UTR lengths range from 79 to 619 nt, 

hippeastrum mosaic virus (HiMV) has the shortest 3’ UTR (79) and donkey orchid virus A 

the longest (619 nt). The initiation codon sequence of NeYSV starting at nt position 107 

is 103CAACATGTC111. Nine putative polyprotein cleavage sites were predicted based 

upon information presented by Adams et al. (2005) for 10 mature proteins: first 

protein/protease (P1), helper component protease (HC-Pro), third protein (P3), first 6-kDa 

protein (6K1), CI, 6K2, VPg, NIa-Pro, NIb and CP, and the pretty interesting potyvirus 

open reading frame (PIPO) was predicted within P3 (Adams et al., 2005; Worrall et al., 

2019; Dombrovsky et al., 2005). PIPO starts from a conserved region 

(3496GGAAAAAAA3504) and gives a 256-nt/85-aa product. A schematic of the genome 

organisation is presented in Fig.4.3.2.1. Several conserved potyvirus motifs were 

identified and are summarised in Table 4.3.2.1. Potybox ‘a’ was not identified in the 5’ 

UTR; however, potybox ‘b’ (Chung et al., 2008) was identified (49CAAGCA54 ).
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Fig.4.3.2.1 Schematic representation of the genome organisation of nerine yellow stripe virus (NeYSV, MT396083.1). The 5’ and 3’ untranslated regions (UTRs) are shown 

as bold lines. The oval represents a single open reading frame (ORF) encoding a polyprotein. The numbers below the oval show the first and last nucleotide positions of the 

ORF and the total nucleotide length, excluding the poly(A) tail. The polyprotein is predicted to encode 10 mature proteins, typical of a potyvirus organisation: P1 (first protein/ 

protease), HC-Pro (helper component protease), P3 (third protein), 6K1 (first 6-kDa protein), CI (cytoplasmic inclusion protein), 6K2 (second 6-kDa protein), VPg (viral 

protein, genome linked), NIa (nuclear inclusion protein/protease a), NIb (nuclear inclusion b) and CP (coat protein). The numbers above the box show the amino acid position 

of the predicted cleavage sites for the viral proteinases. A small ORF is shown above the box indicating PIPO (pretty interesting potyvirus open reading frame) encoded by 

frameshift or transcriptional slippage in the P3 region. 
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Several conserved aphid-transmissibility-related motifs in the HC-Pro have been 

identified previously, including KITC, KLSC, CCC and PTK (Dombrovsky et al., 2005). 

519KITC522 , 751KLSG754 , 760CCCVT764  and 778PTK780  were identified in the HC-Pro 

region of the NeYSV sequence (Table 4.3.2.1). CP motifs of NeYSV were identified 

and are discussed further; DAG motifs have been identified in many potyvirus CP 

regions (Nigam et al., 2019). Nigam et al. (2019) highlighted two potential DAG motifs 

(one proximal and one distal to the CP N-terminus) and showed that motif sequence 

and location variation are possible in this hypervariable region outside the CP core 

domain (Nigam et al., 2019). Some aphid transmitted potyviruses do not contain a 

DAG motif and instead contain a NAG motif or other variation of DAG. Nigam et al. 

(2019) give the example of bean yellow mosaic virus (BYMV), which is transmitted by 

more than 50 aphid species to a wide plant host range but does not contain a DAG 

motif. BYMV contains a NAG or a KAG motif (Nigam et al., 2019). 

The NeYSV sequence exhibits a 6NAG8 motif (proximal to the CP N-terminus) and a 

28NVG30 in the distal location (numbered from the beginning of the CP region). 

Previously published partial NeYSV sequences show similar sequence/location 

combinations, and the most closely related virus identified by phylogenetic analysis, 

HiMV, exhibits a 3DAG5 , 21DAG23  combination. The NAG and NVG motifs suggest 

that NeYSV could be aphid transmissible.  
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Motif Region 
Identified in 
MT396083.1 Motif Region 

Identified in 
MT396083.1 

FMIIRG/FIVR
G P1 440FIVRG444 VATNIIENGVTL CI 

1685VATNIIENGVTL
1696 

HX8DX32S 

GX22RG P1 

64HX8DX31SG32RG
137 

GERIQQRLGRV
GR CI 

1729GERIQRLGRV
GR1740 

CX8CX18CX2 HC-PRO 494CX8CX18CX2
525 

HX34DX67GXC 

GX14H NIa-PRO 

2317HX34DX67GQC 

GX14H2438 

KITC HC-PRO 519KITC522 SLKAEL NIb 2684SLKAEI2689 

KLSC HC-PRO 751KLSG754 FTAAP[L/I][D/E] NIb 2703FTAAPID2709 

FRNKX12 

CDNQLD HC-PRO 

649FRNKX12CDNQ
LD670 CVDDFN 

NIb 

2717CVDDFN2722 

HAKRFF HC-PRO 879HAHKAF884 CHADGS NIb 2759CDADGS2764 

CCCVT HC-PRO 760CCCVT764 
GNNSGQPSTVV
DNTLMV 

NIb 2821GNNSGQPSTV
VDNTLMV283 

PTK HC-PRO 778PTK780 GDD NIb 2865GDD2867 

GYCY HC-PRO 810GYCH813 
[A/S]M[I/V]A[S/A]
WG 

NIb 
2952SMIEAWG2958 

AELPRILVDH HC-PRO 

870AELPRILVDH87

9 DAG CP 

3038NAG3041 
3060NVG3063 

CX72H HC-PRO 503CX70H574 
MVWCI[E/D]NGT
SP CP 

3142IVWCIENGTSS3

152 

EPYX7SPX2L 

XAX2NXGX2 

EX5N P3 

1009EPYX7SPNX2 

KALYX2GSLTX2M
KX5D1043 

W[V/T]MMDG[D/
E/N] CP 3261DGN3264 

PIPO 

P3 frame 

shift 

3526GGAAAAAAA3

534 [P/R/A]YMPRYG CP 3205RYMPRYA3211 

VLLEPTRPL CI 

1487VLVIEPTRPL14

96 AFDF CP 3225GFDF3228 

DEXH CI 1556DECH1559 QMKAAA CP 3245QMKAAA3250 

KVSATPP CI 1583KVSATPP1589 E[N/D]TERH CP 3270ENTERH3275 

LVYV CI 1634LIYV1637    

Table 4.3.2.1 - Conserved potyvirus motifs (Worrall et al., 2019) identified in NeYSV complete 

sequence. 
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The NeYSV consensus nucleotide sequence was compared to other complete 

potyvirus nucleotide sequences using ClustalW (alignment) and MEGA X (tree 

generation) (Kumar et al., 2018) and it clustered with HiMV and hyacinth mosaic virus 

(HyaMV) (Fig.4.3.2.2). When the aa sequence of the polyprotein was compared to 

other complete potyvirus polyprotein aa sequences available in the NCBI database 

using ClustalW (alignment) and MEGA X (tree generation) (Kumar et al., 2018), 

NeYSV clustered with HiMV using both the maximum-likelihood (Fig.4.3.2.3) and 

neighborjoining (data not shown) methods. Similar results were generated using 

complete potyvirus nt sequences (data not shown) and predicted cleaved NeYSV 

protein sequences (except NIa, which was too divergent to align). When the NeYSV 

sequence was compared to the most closely related virus on the phylogenetic tree, 

HiMV (YP_006382256.1), the following aa percentage identities were returned using 

BLASTp: polyprotein, 53.84%; P1, 31.85%; HC-Pro, 55.90%; P3, 35.90%; PIPO, 

34.48%; 6K1, 47.06%; CI, 67.24%; 6K2, 50.94%; VPg, 48.40%; NIa, 59.67%; NIb, 

65.45%; CP, 56.59%.  

 

 

 

Fig.4.3.2.2 Partial phylogenetic tree comparing the nucleotide sequences of 137 complete potyviruses 

including the nerine yellow stripe virus (NeYSV) sequence MT396083.1. NeYSV MT396083.1 

(highlighted by the box) shared a branch with hippeastrum mosaic virus (HiMV) and clustered closely 

with hyacinth mosaic virus (HyaMV) on the next branch. Full phylogenetic tree shown in Appendix 3 

with a list of the sequences used. 
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Fig.4.3.2.3 Partial phylogenetic tree showing nerine yellow stripe virus polyprotein QOD42425.1 

(polyprotein sequence for MT396083.1) sequence clustered with hippeastrum mosaic virus 

(YP_006382256.1). Complete potyvirus polyprotein sequences were aligned using ClustalW. The 

parameters for pairwise alignment were gap opening penalty, 10.00, and gap extension penalty, 0.10, 

and for multiple alignment, they were gap opening penalty, 10.00 and gap extension penalty, 0.20. 

The option for ‘Use negative matrix’ was off, delay divergent cutoff % was 30, and keep predefined 

gap was unchecked. An unrooted tree was then generated in MEGA X using ML, tested using 1000 

bootstrap replicates. The ML aa tree substitution model was Jones-Taylor-Thornton (Jones et al., 

1992), using uniform rates at all sites, the heuristic method was nearest-neighbor-interchange, the 

initial tree was set by default to NJ/BioNJ, and no branch swap filter was set. Collapsing branches with 

bootstrap support values lower than 70% generated the condensed tree. The NeYSV sequence was 

analysed together with 137 potyvirus sequences, and this figure shows 25 sequences, including 

NeYSV. A list of potyvirus sequences used in the phylogenetic analysis is available in Appendix 3, and 

the full phylogenetic tree image is available in Appendix 3. 

 

Potyvirus complete nucleotide sequences were tested for the presence of 

phylogenetic anomalies using the full suite of options in RDP4 with default parameters 

(Martin et al., 2015; Martin & Rybicki, 2000). No recombination events involving 

nerine yellow stripe virus (NeYSV) were detected by four or more methods (data not 

shown). Additionally, previously reported partial NeYSV sequences were tested 

alongside the CP region of the full-length NeYSV sequence, and no recombination 

events were detected. This is the first full-length sequence of NeYSV to be described 
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and has been submitted to GenBank under accession MT396083.1. 

4.3.3 NVX  

Primers for 5’ and 3’ RACE PCR were designed to the RdRp region sequence that 

was presented in Chapter 3 and were used in 5’ and 3’ RACE PCR assays to 

generate two large amplicons. One amplicon from the RdRp to the 3’ end and one to 

the 5’ end. Amplicons of the expected sizes were generated. Cloning these fragments 

into pRACE vector was unsuccessful, so purified PCR product was directly 

sequenced using primer walking. Sequence data were generated from the RdRp 

region to the 3’ poly(A) tail and produced a 4,406 nt contig. Sequencing into the 5’ 

RACE PCR product from the RdRp section was challenging and failed halfway 

through the replicase region.  

BLASTn showed the 4,406 nt sequence shared 97.61% with nerine virus X (NVX) 

isolate IVT80054 RNA dependent RNA polymerase (RdRp) (EF203683.1) over 13% 

coverage with e-value 0. BLASTx showed the 4,406 nt sequence shared 78.03% with 

replicase protein [nerine virus X] (YP_446992.1) over coverage of 54% with e-value 

0.0 and 77.9% with replicase protein [nerine virus X] (AEM23890.1) over coverage 

53% with e-value 0.0. The sequence data did not cover the whole genome and did 

not display the expected ORFs. 

MinION sequencing generated a 6,379 nt contig using Guppy 3.3 basecalled data (Q5 

quality filter) and the Pomoxis pipeline. The contig shared 97.44% with NVX 

IVT80054 RdRp (EF203683.1) over 9% coverage with e-value 0.0, 74.92% with NVX 

Al-1 (HQ166713.1) over 19% coverage with e-value 1e-149 and 74.76% with NVX 

(AB219105.1) over 19% coverage with e-value 2e-146. A 6,589 nt contig from the 

Guppy 3.3 basecalled data (Q7 quality filter), generated using the Pomoxis pipeline 

shared 97.78% with NVX IVT80054 RdRp (EF203683.1) over 8% coverage with e-

value 0.0, 74.92% with NVX Al-1 (HQ166713.1) over 18% coverage with e-value 1e-

149 and 74.76% with NVX (AB219105.1) over 18% coverage with e-value 2e-146. 

Neither assembly showed the expected ORFs. Multiple base pair differences were 

identified between the aligned Q5 and Q7 quality filtered Guppy 3.3 basecalled, 

Pomoxis generated contigs (data not shown). 

Illumina MiSeq sequencing generated a 6,873 nt contig. Five ORFs were present, 

consistent with potexvirus genome organisation including replicase, TGB1-3 and CP. 

Direct RACE PCR sequence data of previously mentioned products aligned to the 
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MiSeq contig. Primers designed to the MiSeq contig in overlapping regions amplified 

products that covered the missing section from the 5’ UTR to where the previous 5’ 

RACE PCR product sequencing failed. Amplified products were purified, cloned into 

TA vectors and Sanger sequenced. The sequence data generated by these cloned 

amplicons aligned to the MiSeq contig. Additionally, primers designed to the MiSeq 

5’UTR amplified a RACE PCR fragment, which was cloned and Sanger sequenced 

and extended sequence data to the 5’ UTR end.  

The complete NVX-UK Nerine sequence was considered to be the consensus of the 

MiSeq and additional cloned 5’RACE PCR sequences. The full-length putative NVX 

UK Nerine sequence was 6,849 nt, excluding the poly(A) tail. The genome 

organisation was typical of a potexvirus including a 91 nt 5’ UTR, 5 ORFS; replicase, 

TGB1-3 and CP and a 125 nt 3’ UTR, excluding poly(A) tail. The 5’ and 3’ UTRs fell 

within the range of other potexvirus UTRs.  

The consensus was submitted to GenBank as accession MZ643995 (Appendix 4) and 

a schematic of the genome organisation is presented in Fig.4.3.3.1.The NVX-UK 

Nerine (MZ643995) sequence shared high nt similarity over short conserved regions 

but the overall similarity to other NVX sequences was low. It shared 97.61% identity 

(BLASTn) over 8% coverage with 0.0 e-value with NVX RdRp IVT80054 

(EF203683.1); 73.43% identity (BLASTx) with NVX replicase protein (YP_446992.1) 

over 58% coverage with e-value 0.0 and 71.57% with NVX replicase protein 

(AEM23890.1) over 58% coverage with e-value 0.0. A number of conserved 

potexvirus motifs were identified in the NVX-UK Nerine (MZ643995) sequence and 

are presented in (Table 4.3.3.1). 
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Fig.4.3.3.1 Schematic representation of the nerine virus x (NVX) NVX-UK Nerine (MZ643995) genome organisation. The 5’ and 3’ untranslated regions (UTRs) are 

shown as bold lines. The boxes represent the open reading frames (ORFs) encoding ORF1-replicase, ORF2-TGB1, ORF3-TGB2, ORF4-TGB3 and ORF5-CP. The 

numbers below the boxes show the first nucleotide (nt) position of ORF1 and the last nt positions of ORF5 and the 5’UTR exclusive of the poly(A) tail. The numbers 

above the ORFs show the amino acid product length. The initiation codon sequence starting at nt position 92 is 89 GCAATGTCG 97.  
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Name Region Conserved region or motif 
Identified in NVX-UK Nerine 
(MZ643995) 

5'UTR 5'UTR 
Stem loops (Thompson & 
Jelkmann, 2004) 

See RNA folding probability 
structures (Fig.4.2.8). 

  5'UTR 

GAAAA or GAAA (Thompson & 
Jelkmann, 2004; Komatsu et al., 
2008) 68 GAAAA 73 

  5'UTR GAAAACCAAC (Liou et al. 2004) 68 GAAAATCAAC 78 

  5'UTR 
GAAAAC (Thompson & 
Jelkmann, 2004) 68 GAAAAT 74 

  5'UTR ACUUAA (Komatsu et al., 2008)  Not found 

        

MetI 
ORF1- 
Methyltranferase 

HTH 1x AAKAIEND 1x YN 
(Koenig, 2004) 65 HTH 1x AVKAIENQ 1x LS 80 

MetII 
ORF1- 
Methyltranferase 

FEPKDIAR 
(Koenig, 2004) Not found 

MetIII 
ORF1- 
Methyltranferase 

HAGA 1x Y 1x H 3x QLAWL 
(Koenig, 2004) 

208 HGGGAYHHEFQDLVWL 
224 

HelI ORF1- Helicase 
L 1x VIHG 1x GGSGKS 2x IQ 1x 
(Koenig, 2004) 

863 VIHG 1x GGSGKS 2x LQ 
878 

HelIA 
ORF1- Helicase I 1x V 1x LPTNELRLDW (Koenig, 

2004) 

890 V 1x V 1x LPTNELRLDW 
904 

Hel-II ORF1- Helicase 4x DDY 1x (Koenig, 2004) 929 4x DDY 1x 937 

Hel-III ORF1- Helicase LIITGDS 1x QS (Koenig, 2004) 956 IILTGDS 1x QS 966 

Hel-IV ORF1- Helicase YYLNATHRN (Koenig, 2004) 992 YYLNATHRN 1001 

Hel-V 
ORF1- Helicase KVSTYAGCQG 1x TA 3x QILI 

(Koenig, 2004) 

1049 VAHTYAGCQG 1x TA 3x 
QITL 1069 

Hel-VI 
ORF1- Helicase CSQ 1x VMYTALSRAVH 

(Koenig, 2004) 

1075 CTD 1x VMYTALSRAVH 
1090 

RdRpI ORF1- RdRp FLKSQWV (Koenig, 2004) 1290 FLKSQWV 1297 

RdRpII 

ORF1- RdRp 
IKAGQTIASFQQEAVMLYGTMA
RYMRRVR (Koenig, 2004) 

1307 
VKPGQTIASFMQETVMLYGT
MARYMRRIR 1336 

RdRpIII 
ORF1- RdRp NCE 1x TPE 1x LS 1x WA 

(Koenig, 2004) 1346 NCEKTPEDMSA 1357 

RdRp-IV ORF1- RdRp NDYTAFDQSQD (Koenig, 2004) 1371 NDFTAFDQSQD 1382 

RdRp-V 

ORF1- RdRp 
KIMRLTGEGPTFDANTECNIAFA
HTKLK (Koenig, 2004) 

1420 
AIMRLSGEGPTFDANTECSIA
YHHTRFH 1448 

RdRp-VI ORF1- RdRp QLYAGDDCAFD (Koenig, 2004) 1454 RLFAGDDSAQD 1465 

RdRp-VII ORF1- RdRp EWAEFCGML (Koenig, 2004) not found 

RdRp-VIII ORF1- RdRp WAAL 1x LA 1x R (Koenig, 2004) not found 

  
ORF1- 
Replicase GDD (Liou et al. 2004) 1458 GDD 1461 

HEL-I 
ORF1- 
Replicase GAGGSGKS (Liou et al. 2004) 866 GAGGSGK 874 

HEL-II 
ORF1- 
Replicase IMDD (Liou et al. 2004) not found 

HEL-III 
ORF1- 
Replicase GDSKQ (Liou et al. 2004) 960 GDSKQ 965 

HEL-V 
ORF1- 
Replicase EGRTNITM (Liou et al. 2004) 1015 AGFTTITM 1023 

HEL-VI 
ORF1- 
Replicase ALSR (Liou et al. 2004) 1083 ALSR 1087 

NTP-
binding 
domain 

ORF1- 
Replicase 

DXXXXD (Skryabin, 1998) not found 

  
ORF1- 
Replicase 

T/SXXXTXXNT/S (Skryabin, 
1998) not found 

  
ORF1- 
Replicase GDD (Skryabin, 1998) 1458 GDD 1461 
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Name Region Conserved region or motif 
Identified in NVX-UK Nerine 
(MZ643995) 

ntpase-
helicase 

ORF1- 
Replicase v g ag gks (Skryabin, 1998) 863 VIHGAGGSGKS 874 

  
ORF1- 
Replicase Vde (Skryabin, 1998) not found 

  
ORF1- 
Replicase gd  q (Skryabin, 1998) 

960 GDSKQ 965 or 1458 
GDDSAQ 1464 

  
ORF1- 
Replicase r       ? Sgg (Skryabin, 1998) not found 

  
ORF1- 
Replicase Valsr (Skryabin, 1998) not found 

methyltran
sferase 

ORF1- 
Methyltranferase 

HxHxxxKIExxML (Thompson & 
Jelkmann, 2004) 65 HTHGAVKAIENQLL 79 

  
ORF1- 
Replicase 

YxHxFxxxxWL (Thompson & 
Jelkmann, 2004) 213 YHHEFQDLVWL 224 

helicase 
(motifs 

ORF1- Helicase GxxPGxGKSxxL (Thompson & 
Jelkmann, 2004) 866 GAGGSGKSQAL 877 

  
ORF1- 
Replicase 

VILDDY (Thompson & Jelkmann, 
2004) 926 VEDLCIFDDY 936 

I, II, III, V, 
respectivel
y 

ORF1- 
Replicase LILTGDxxQ (Thompson & 

Jelkmann, 2004) 956 IILTGD 962 

  
ORF1- 
Replicase 

TYxxxQGxTxxxVxIL (Thompson 
& Jelkmann, 2004) 

1052 TYAGCQGLTAPKIQITL 
1069 

RNA 
dependent 
RNA 
polymeras
e (motifs IV 
to VII) 

ORF1- 
Replicase 

DFTxFDxS (Thompson & 
Jelkmann, 2004) 1372 DFTAFDQS 1380 

  
ORF1- 
Replicase 

SGExxTFxxNT (Thompson & 
Jelkmann, 2004) 1425 SGEGPTFDANT 1436 

  
ORF1- 
Replicase 

VYxGDD (Thompson & Jelkmann, 
2004) 1458 GDD 1461 

  
ORF1- 
Replicase 

TFCG (Thompson & Jelkmann, 
2004) 1498 DFCG 1502 

  
ORF1- 
Replicase 

AFLFGD (Thompson & Jelkmann, 
2004) 1543 AFQLGD 1549 

  ORF1 
YVALTR (Thompson & Jelkmann, 
2004) 209 YIALTR 215 (TGB1) 

        

NTPase 
binding 
helicase ORF 2- TGB1 GAGKT (Rehman et al., 2019) 29 GAGKT 34 (ORF2, TGB1) 

HEL 
ORF 2- TGB1 I- LVVHGVAGSGK (Senshu et 

al., 2009) 21 PVVIHSCAGAGK 33 

  ORF 2- TGB1 II- LDEY (Senshu et al., 2009) 80 IDEY 84 

  
ORF 2- TGB1 III-LFADPYQA (Senshu et al., 

2009) 95 LFADPYQY 103 

  
ORF 2- TGB1 IV- LKTTYRF (Senshu et al., 

2009)  Not found 

  
ORF 2- TGB1 V- GLEFKVVT (Senshu et al., 

2009) 185 GLEFPAVD 193 

  ORF 2- TGB1 VI-LSRHT (Senshu et al., 2009) 212 LTRHT 217 

  

ORF 2- TGB1 F x1 RTMRP 1x 
TGPIVVHAVAGAGK (Jelkmann 
et al., 1992) 

11 F 1x RTNLP 1x 
SKPVVIHSCAGAGK 33 

ATP/GTPbi
nding 

ORF 2- TGB1 site motifA (P-loop) 
(23PLVIHAVAGAGKTTLIRQ40) 
(Liou et al., 2004) 

17 
PLSKPVVIHSCAGAGKTTLIQ
T 39 
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Name Region Conserved region or motif 
Identified in NVX-UK Nerine 
(MZ643995) 

NTPase 
motifs 

ORF 2- TGB1 GKS and DEY (Verchot-Lubicz, 
2005) 81 DEY 84 

helicase 
motifs I, II, 
III, and V 

ORF 2- TGB1 VxAxAGxGKSxxI at 27–39, 
AFIDEY at 77–82 (Thompson & 
Jelkmann, 2004) 80 IDEY 84 

    

  ORF 3- TGB2 
GDx7GGxYxDG (Rehman et al., 
2019) 37 GD 7x GG 1x Y 1x DG 53 

  
ORF 3- TGB2 G48-G-G-Y-K-D-G-T55 (Lough, 

1998) 46 GGTYQDGT 54 

  

ORF 3- TGB2 
Px30−31GDxxHx∗PxGGxYxDGx
Kx∗xY. ∗ (Thompson & Jelkmann, 
2004) 

5 
PADYTHIIPIAIVCTAAVLGLLL
LTRNNLPSTGDNIHSLPHGG
TYQDGTKHIRY 59 

  
ORF 3- TGB2 Cx6Gx8C (Thompson & 

Jelkmann, 2004) 18 C 5x G 25 

  
ORF 3- TGB2 GDSSHSLPHGGWYRDGTK 

(Liou et al., 2004) 

37 GDNIHSLPHGGTYQDGTK 
55 

    

  ORF 4- TGB3 Cx5Gx7C (Rehman et al., 2019) 63 CTIHLDGHSATIVNC 78 

    KTER (Tamada, 1996) not found 

    

  ORF 5- CP 
FAAFDFF (Thompson & 
Jelkmann, 2004) 148 FAAFDFF 155 

  
ORF 5- CP AUG start codon (Thompson & 

Jelkmann, 2004) 6116 ATG 6118 

  
ORF 5- CP KFAAFDFFDGV (Alvarez-Quinto, 

2017) 147 RFAAFDFFDGV 158 

NLS 
nucleus 
lcoation 
signal 

ORF 5- CP 

LALVVRDFCPLRAFCAYYSRVV
W (Rehman et al., 2019) not found 

amphipathi
c core  

ORF 5- CP KFAAFDFFDGV (Liou et al., 
2004) 147 RFAAFDFFDGV 158 

  ORF 5- CP GDD (Jelkmann et al., 1992) not found 

hydrophobi
cally 
conserved 
motif 

ORF 5- CP 

AGFDFFDGLL (Komatsu et al., 
2008) 149 AAFDFFDGVT 159 

    

3'UTR 
3'UTR- Stem 
loops 

ACUUAA (Thompson & 
Jelkmann, 2004) 122 ACTTAA 128 

  3'UTR ACCUAA (Chiu, 2002) 84 ACCTAA 90 

  3'UTR ACTTA (Solovyev et al., 1994) 122 ACTTA 127 

  3'UTR 
G/T rich box (Solovyev et al., 
1994) 58 GGGTTTT 65 

  3'UTR AATAAA (Solovyev et al., 1994) 18 AATAAA 24 

  3'UTR AATAAG (Solovyev et al., 1994) not found 

  3'UTR 
GGUGUGU (Komatsu et al., 
2008) 35 GGTG 39 

  3'UTR AAUAAG (Komatsu et al., 2008) not found 

  3'UTR 
ACUUAA or AAUAAG (Liou et al., 
2004) 122 ACTTAA 128 

Table 4.3.3.1 Conserved potexvirus motifs. 
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The NVX-UK Nerine (MZ643995) isolate described here, other complete 

potexvirus nt sequences and the two complete NVX sequences from Agapanthus 

were analysed using ClustalW (alignment) and MEGA X (tree generation) (Kumar 

et al., 2018: Jones et al., 1992). The phylogenetic tree (Fig.4.3.3.2) showed NVX-

UK Nerine (MZ643995) clustered with the NVX sequences from Agapanthus, 

although did not share a branch. 

 

Fig.4.3.3.2 Phylogenetic tree comparing 46 complete potexvirus nt sequences including two 

complete NVX sequences and the NVX-UK Nerine (MZ643995). MZ643995 clusters with the 

Agapanthus NVX sequences, although they do not share a branch. Ambrosia asymptomatic virus 1 

(AAV1) sits on the next branch to complete the cluster.  

 

NVX-UK Nerine (MZ643995) isolated sequence was compared to the two 

complete NVX accessions available on NBCI, isolate J (NC_007679.1, identified in 
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Agapanthus campanulatus from Japan) and isolate AL-1 (HQ166713.1, identified 

in African lily from Taiwan) (Table 4.3.3.2). The low nucleotide similarity when 

using Megablast return of no significant alignment (NSA) and BLASTn (<72% nt 

identity) supports the sequence MZ643995 from Nerine sarniensis x bowdenii 

‘Hera’ sitting on a separate branch in the phylogenetic tree (Fig.4.3.3.2). 

 

Virus NT ORF1 aa ORF2 aa ORF3 aa ORF4 aa ORF5 aa 

J (NC_007679.1) to 
MZ643995 

Megablast (NSA), 
BLASTn (71.11 %) 

72.65 %  
 

48 % 57.41 % 
 

42.72 % 87.44 % 
 

AL-1 (HQ166713.1) 
to MZ643995 

Megablast (NSA), 
BLASTn (70.91 %) 

72 % 
 

44.89 % 57.41 % 
 

42.72 % 84.19 % 
 

J (NC_007679.1) to 
AL-1 (HQ166713.1) 

Megablast (92.82 
%), BLASTn 
(98.91 %) 

98.54 % 93.01 % 100.00 % 99.17 % 96.38 % 

Table 4.3.3.2 Comparison of % identity similarities between the sequence obtained from Nerine 

sarniensis x bowdenii ‘Hera’ MZ643995, isolate J (NC_007679.1) and isolate AL-1 (HQ166713.1). 

 

Potexvirus full-genome nucleotide sequences were tested for the presence of 

phylogenetic anomalies using the full suite of options in RDP4 with default 

parameters (Martin et al., 2015; Martin & Rybicki, 2000). No recombination events 

involving NVX were detected by four or more methods (data not shown).  

The presence of stem loops in both 5’ and 3’ UTRs is suggested as being a 

conserved element among potexviruses and so was investigated (Thompson & 

Jelkmann, 2004). NVX Nerine UK isolate 5’ and 3’ UTR sequences were analysed 

using RNAstructure software (Reuter & Watson, 2012-2017). The program created 

three image types 1) Fold results, which predicted the lowest free energy structure 

and a set of low free energy structures for a sequence; 2) MaxExpect results 

generate a structure or structures composed of highly probable base pairs. This is 

an alternative method for structure prediction that may have higher fidelity; 3) 

ProbKnot results predicted a secondary structure of probable base pairs, which 

might include pseudoknots. Multiple outcomes were possible for each 

sequence/output combination. Additionally, the 5’ and 3’ UTR sequences from 

NVX (NC_007679.1) from Agapanthus (Japan) are shown as a comparison. Three 

options are presented for Fold using NVX Nerine UK 5’ UTR (Figs.4.3.3.3a-c) with 

1 option for Fold using NVX NC_007679.1 5’ UTR sequence (Fig.4.3.3.3d) as a 

comparison. One option each are presented for MaxExpect (NVX Nerine UK 5’ 

UTR, Fig.4.3.3.4a and NVX NC_007679.1 5’ UTR Fig.4.3.3.4b as a comparison) 
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and ProbKnot (NVX Nerine UK 5’ UTR, Fig.4.3.3.5a and NVX NC_007679.1 5’ 

UTR Fig.4.3.3.5b as a comparison). 

 

 

 

 

 

Fig.4.3.3.3a NVX-UK 5’ UTR predicted 

secondary structure using RNAstructure Fold 

(option 1). Energy = -12.5. 

Fig.4.3.3.3b NVX-UK 5’ UTR predicted 

secondary structure using RNAstructure Fold 

(option 2). Energy -12.1. 

 

 

 

 

 

Fig.4.3.3.3c NVX-UK 5’ UTR predicted 

secondary structure using RNAstructure Fold 

(option3). Energy = -11.4. 

Fig.4.3.3.3d NVX NC_007679.1 5’ UTR predicted 

secondary structure using RNAstructure Fold. 

Energy = -11.7. 
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Fig.4.3.3.4a NVX-UK 5’ UTR predicted 

secondary structure using RNAstructure 

MaxExpect. Energy = 7.8. 

Fig.4.3.3.4b NVX NC_007679.1 5’ UTR 

predicted secondary structure using 

RNAstructure MaxExpect. Energy = 7.5. 

 

 

 

 

 

Fig.4.3.3.5a NVX-UK 5’ UTR predicted 

secondary structure using RNAstructure 

ProbKnot. 

Fig.4.3.3.5b NVX NC_007679.1 5’ UTR 

predicted secondary structure using 

RNAstructure ProbKnot. 

 

The potential structures for the 3’ UTR generated by RNAStructure program 

include 1 option for Fold using NVX Nerine UK 3’ UTR (Fig.4.3.3.6a) with one 

option for Fold using NVX NC_007679.1 3’ UTR sequence (Fig.4.3.3.6b) as a 

comparison. One option each are presented for MaxExpect (NVX Nerine UK 3’ 



114 
 

UTR, Fig.4.3.3.7a and NVX NC_007679.1 3’ UTR Fig.4.3.3.7b as a comparison) 

and ProbKnot (NVX Nerine UK 3’ UTR, Fig.4.3.3.8a  and NVX NC_007679.1 3’ 

UTR Fig.4.3.3.8a as a comparison). 

 

 

 

 

Fig.4.3.3.6a NVX-UK 3’ UTR predicted 

secondary structure using RNAstructure Fold. 

Energy = -25.6. 

Fig.4.3.3.6b NVX NC_007679.1 3’ UTR 

predicted secondary structure using 

RNAstructure Fold. Energy = 10.3. 

 

 

 

 

 

Fig.4.3.3.7a NVX-UK 3’ UTR predicted 

secondary structure using RNAstructure 

MaxExpect. Energy = 11.8. 

Fig.4.3.3.7b NVX NC_007679.1 3’ UTR 

predicted secondary structure using 

RNAstructure MaxExpect. Energy = 10.3. 
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Fig.4.3.3.8a NVX-UK 3’ UTR predicted 

secondary structure using RNAstructure 

ProbKnot. 

Fig.4.3.3.8b NVX NC_007679.1 3’ UTR 

predicted secondary structure using 

RNAstructure ProbKnot. 

 

4.3.4 Identification of genome of the Nerine strain of NVX or a novel potexvirus? 

As the NVX-UK Nerine (MZ643995) sequence differed considerably from the NVX 

sequences available on the NCBI database, FERA provided several partial NVX 

sequences from 2017 that were sequenced from an Agapanthus plant (S9, 

unpublished) intercepted by the PHSI on imports from the Netherlands and from a 

Nerine plant (S17, unpublished) from a UK grower. There were partial NVX 

sequences from both, although not enough to make a full-length contig or a 

complete genome. NCBI ‘align two sequences’ program was used to compare 

each partial NVX (S9 and S17) to each NVX sequence available on NCBI (NVX 

Agapanthus Japan complete (NC_007679.1), NVX Agapanthus Taiwan complete 

(HQ166713.1) and the partials from Agapanthus (EF203684.1) and Nerine 

(EF203683.1) from the Netherlands) and the complete NVX-UK Nerine 

(MZ643995) sequence generated from this study. Comparisons of nucleotide 

identity of the partial sequences to the available full-length sequences are shown 

in Tables 4.3.4.1 to 4.3.4.3.  
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Name Plant Country NT % Region 

S17_TRINITY_DN439_c4_g6_i1-NER Nerine UK 95.86% replicase 

S17_TRINITY_DN440_c1_g6_i1-NER Nerine UK 98.03 % replicase, tgb 

S17_TRINITY_DN440_c1_g3_i1-NER Nerine UK 92.27 tgb, cp 

S9_TRINITY_DN927_c0_g1_i1-AG Agapanthus Netherlands No significant alignment replicase 

S9_TRINITY_DN529_c0_g1_i1-AG Agapanthus Netherlands No significant alignment replicase 

S9_TRINITY_DN660_c0_g1_i1-AG Agapanthus Netherlands No significant alignment replicase, tgb, cp 

EF203683-NER Nerine Netherlands 97.61 rdrp 

EF203684-AG Agapanthus Netherlands No significant alignment rdrp 

NC_007679-AG  Agapanthus Japan No significant alignment complete 

HQ166713-AG  Agapanthus Taiwan No significant alignment complete 

NVX-UK Nerine (MZ643995) Nerine UK 100 complete 

Table 4.3.4.1 Sequences compared to NVX UK Nerine isolate. 

 

Name Plant Country NT % Region 

S17_TRINITY_DN439_c4_g6_i1-NER Nerine UK 74.8 replicase 

S17_TRINITY_DN440_c1_g6_i1-NER Nerine UK No significant alignment replicase, tgb 

S17_TRINITY_DN440_c1_g3_i1-NER Nerine UK No significant alignment tgb, cp 

S9_TRINITY_DN927_c0_g1_i1-AG Agapanthus Netherlands 98.84 replicase 

S9_TRINITY_DN529_c0_g1_i1-AG Agapanthus Netherlands 99.54 replicase 

S9_TRINITY_DN660_c0_g1_i1-AG Agapanthus Netherlands 99.39 replicase, tgb, 
cp 

EF203683-NER Nerine Netherlands No significant alignment rdrp 

EF203684-AG Agapanthus Netherlands 98.43 rdrp 

NC_007679-AG  Agapanthus Japan 100 complete 

HQ166713-AG  Agapanthus Taiwan 98.92 complete 

NVX-UK Nerine (MZ643995) Nerine UK No significant alignment complete 

Table 4.3.4.2 Sequences compared to NVX-J isolate (Agapanthus Japan). 
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Name Plant Country NT % Region 

S17_TRINITY_DN439_c4_g6_i1-NER Nerine UK 74.84 replicase 

S17_TRINITY_DN440_c1_g6_i1-NER Nerine UK No significant alignment replicase, tgb 

S17_TRINITY_DN440_c1_g3_i1-NER Nerine UK No significant alignment tgb, cp 

S9_TRINITY_DN927_c0_g1_i1-AG Agapanthus Netherlands 98.49 replicase 

S9_TRINITY_DN529_c0_g1_i1-AG Agapanthus Netherlands 98.77 replicase 

S9_TRINITY_DN660_c0_g1_i1-AG Agapanthus Netherlands 98.92 replicase, tgb, cp 

EF203683-NER Nerine Netherlands No significant alignment rdrp 

EF203684-AG Agapanthus Netherlands 97.91 rdrp 

NC_007679-AG  Agapanthus Japan 98 complete 

HQ166713-AG  Agapanthus Taiwan 92 complete 

NVX-UK Nerine (MZ643995) Nerine UK 100 complete 

Table 4.3.4.3 Sequences compared to NVX-AL1 isolate (Agapanthus Taiwan). 
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To determine if the original NVX detected by Brunt (1970) and described by Maat 

(1976) was more similar to the Agapanthus-derived sequences or the Nerine-

derived sequences, the original NVX and agapanthus virus x (AVX) historical 

isolates were sequenced from samples from the Brunt collection held by University 

of Warwick and compared to the NVX-UK Nerine (MZ643995) sequence identified 

in this study (MZ643995) and the other available NVX sequences. Original NVX 

(LTSA42_S4) and original AVX (LTSA42_S5_AVX_TRINITY_DN106_c0_g2_i1) 

aligned together at 90% in Sequencher (Gene Codes) with a few (5 or so) 

basepair differences. The poly(A) tail starts sooner in one of them and so several 

basepair differences were observed in that region. NVX-UK Nerine (MZ643995) 

did not align to the contig of LTSA42_S4 or 

LTSA42_S5_AVX_TRINITY_DN106_c0_g2_i1, or individually in 

Sequencher. NCBI ‘align two sequences’ program was used to compare 

LTSA42_S4, LTSA42_S5_AVX_TRINITY_DN106_c0_g2_i1 and NVX-UK Nerine 

(MZ643995). There are multiple optimisation options for the program including 

Megablast, discontinuous Megablast and BLASTn, which gave different results. 

Megablast returned no significant alignments when the complete nucleotide 

sequences of the original NVX and AVX were compared with NVX-UK Nerine 

(MZ643995). The BLASTn results are summarised in Table 4.3.4.4. ORFs were 

translated from nt to aa using Sequencher and each region was compared to the 

corresponding region from the other viruses using the NCBI ‘align two sequences’ 

program with BLASTp, results are summarised in Table 4.3.4.5. The complete nt 

and ORF aa region sequences were then compared to the NCBI database using 

BLASTn for nt and BLASTp for aa and the alignments for original NVX are 

summarised in Table 4.3.4.6, those for original AGX in Table 4.3.4.7 and those for 

MZ643995 in Table 4.3.4.8.  
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  BLASTn/BLASTn BLASTn/BLASTn 

Virus  COMP.NT  
ORF1. 

NT ORF2.NT ORF3.NT ORF4.NT ORF5.NT 

LTSA42_S4 Original NVX 
(compared to MZ643995) 70.98 71.48 NSA 67.2 72.55 74.38 

LTSA42_S5 Original AVX 
AVX_TRINITY_DN106 
_c0_g2_i1 (compared to 
MZ643995) 70.98 71.48 NSA 67.2 72.55 74.22 

Original NVX S4 and original 
AVX S5 compared to each other 92.92 99.93 100 100 100 99.85 

Table 4.3.4.4 Nucleotide percentage identity comparisons for original Brunt NVX, AGX compared 
to MZ643995 and to each other. 

 
 
 

  BLASTp 

Virus  ORF1. AA ORF2. AA ORF3. AA ORF4. AA ORF5. AA 

LTSA42_S4 Original NVX 
(compared to MZ643995) 65.93 48 57.41 42.72 87.44 

LTSA42_S5 Original AVX 
AVX_TRINITY_DN106 
_c0_g2_i1 (compared to MZ643995) 65.93 48 57.41 42.72 87.44 

Original NVX S4 and original AVX S5 
compared  to each other 99.93 100 100 100 100 

Table 4.3.4.5 Amino acid ORF regions percentage identity comparisons for original Brunt NVX, 
AGX compared to MZ643995 and to each other. 

 
 
 

LTSA42_S4 original NVX BLAST against NCBI Result 

ORF1 aa using BLASTp NVX AG rep (99.14%) YP_446992.1 

  NVX AG rep (98.54) AEM23890.1 

ORF2 aa using BLASTp NVX TGB AG (100%) YP_446993.1 

  NVX TGB AG (93.01%) AEM23891.1 

ORF3 aa using BLASTp NVX TGB2 AG (99.16%)  YP_446994.1 

ORF4 aa using BLASTp NVX TGB3 AG (99.17%)  YP_446995.1 

  NVX TGB3 AG (98.33%)  AEM23893.1 

ORF5 aa using BLASTp NVX AG CP (100%) YP_446996.1 

  NVX AG CP (96.38%) AEM23894.1 

LTSA42_S4  complete nt using BLASTn NVX comp. AG (99.27%) AB219105.1  

  NVX comp. AG (98.83%) HQ166713.1 

  NVX RdRp AG (97.91) EF203684.1 

Table 4.3.4.6 NCBI BLAST results from comparing LTSA42_S4 original NVX sequence to the 

NCBI database, BLASTp for ORF aa sequences and BLASTn for complete nt sequence. All results 

share a high similarity >92% with NVX sequences derived from Agapanthus hosts. 
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LTSA42_S5_AVX_TRINITY_DN106_c0_g2_i1 
Original AGX BLAST against NCBI Result   

ORF1 aa using BLASTp NVX AG REP (99.07%) YP_446992.1 

  NVX AG REP (98.47%) AEM23890.1 

ORF2 aa using BLASTp NVX AG TGB1 (100%) YP_446993.1 

  NVX AG TGB1 (93.01%) AEM23891.1 

ORF3 aa using BLASTp NVX TGB2 AG (99.16%) YP_446994.1 

ORF4 aa using BLASTp NVX TGB3 AG (99.17%) YP_446995.1 

  NVX TGB3 AG (98.33%) AEM23893.1 

ORF5 aa using BLASTp NVX CP AG (100%) YP_446996.1 

  NVX CP AG (96.38%) AEM23894.1 

LTSA42_S5_AVX_TRINITY_DN106 
_c0_g2_i1 complete nt using BLASTn NVX COMP AG (99.21%) AB219105.1 

  NVX COMP AG (98.80%) HQ166713.1 

  NVX COMP AG (97.91%) EF203684.1 

Table 4.3.4.7 NCBI BLAST results from comparing LTSA42_S5_AVX_TRINITY_DN106_c0_g2_i1 

original AGX sequence to the NCBI database, BLASTp for ORF aa sequences and BLASTn for 

complete nt sequence. All results share a high similarity >92% with NVX sequences derived from 

Agapanthus hosts. 

 

 

 

MZ643995 BLAST against NCBI Result  

ORF1 aa using BLASTp NVX REP AG (72.65%) YP_446992.1 

  NVX REP AG (72%) AEM23890.1 

ORF2 aa using BLASTp NVX TGB1 AG (48%) YP_446993.1 

  NVX TGB1 AG (44.89%) AEM23891.1 

ORF3 aa using BLASTp NVX TGB2 AG (57.41%) YP_446994.1 

ORF4 aa using BLASTp NVX TGB3 AG (42.72%) YP_446995.1 

  NVX TGB3 AG (42.72%) AEM23893.1 

ORF5 aa using BLASTp NVX CP AG (87.44%) YP_446996.1 

  NVX CP AG (84.19%) AEM23894.1 

MZ643995 complete nt using BLASTn NVX RdRp NER (97.61%) EF203683.1 

Table 4.3.4.8 NCBI BLAST results from comparing MZ643995 sequence to the NCBI database 

using BLASTp for ORF amino acid sequences and BLASTn for the complete nucleotide sequence. 

The percentage identities shared by MZ643995 with NVX sequences from Agapanthus are lower 

(between 42.72 and 87.44%) than those observed when using BLAST to compare the original NVX 

LTSA42_S4 and AGX LTSA42_S5_AVX_TRINITY_DN106_c0_g2_i1 sequences to the NCBI 

database. The highest similarity is shared with a partial NVX RdRp sequence from Nerine. 
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These results suggested that the original NVX and AVX, the Japan and Taiwan 

NVX sequences from Agapanthus are the same virus species; and what we have 

described in this study as NVX-UK Nerine (MZ643995) from Nerine is a new 

potexvirus species. This new species demarcation is in line with ICTV demarcation 

threshold for potexvirus species, whereby distinct species share < 72% nucleotide 

(or < 80% amino acid) identity over the replicase or CP regions (ICTV (2021e). 

The full-length sequences of the original NVX and AVX, NVX-UK Nerine 

(MZ643995), PVX as type species, and NeYSV as an outlier were aligned using 

ClustalW and a phylogenetic tree was generated, shown in Fig.4.3.4.1. 
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Fig.4.3.4.1 Phylogenetic tree comparing four NVX sequences (NC_007679.1, HQ166713.1, NVX 

from Nerine (S4) from the Brunt collection and NVX from Agapanthus (S5) from the Brunt 

collection) with NVX-UK Nerine (MZ643995) and potato virus x (PVX) NC_011620.1 and nerine 

yellow stripe virus (NeYSV) MT396083.1 as outliers. Sequences were aligned using ClustalW and 

the tree was generated using MEGAX. The potexvirus-like sequence NVX-UK Nerine (MZ643995) 

sits alone, distinct from the four NVX sequences. The evolutionary history was inferred using the 

Neighbor-Joining method (Saitou & Nei, 1987). The optimal tree with the sum of branch length = 

1.27843120 is shown. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). 

The evolutionary distances were computed using the Maximum Composite Likelihood method 

(Tamura et al., 2004) and are in the units of the number of base substitutions per site. This analysis 

involved 7 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All 

ambiguous positions were removed for each sequence pair (pairwise deletion option). There were 

a total of 10292 positions in the final dataset. Evolutionary analyses were conducted in MEGA X 

(Kumar et al., 2018). 
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4.3.5 Identification of other viruses 

The generation of Illumina MiSeq data returned partial sequences of various 

lengths, indicating other potential viruses infecting Nerine. Details of these are 

outlined below. 

4.3.5.1 Identification of a potentially novel potyvirus 

Other sequences were identified from the Illumina MiSeq data including three 

potyvirus-like sequences that did not align to NeYSV. Each sequence was 

compared to the NCBI database using BLASTn/BLASTx and checked for 

conserved domains using the NBCI CDD search tool. These fragments returned 

BLAST hits for peanut mottle virus (PMotV), freesia mosaic virus (FreMV), 

veltheimia virus Y (abbreviation unclear and not listed on ICTV species list #37), 

nerine potyvirus IVT80054 (unclassified) with varying percentage identity 

similarities. The BLASTn/BLASTx/CDD results are summarised in Tables 4.3.5.1.1 

and 4.3.5.1.2. Do these sequences represent one or more potentially novel 

potyviruses or could one of them be NeVY? 

Interestingly one of these sequences aligned using BLAST to a partial sequence 

described as nerine potyvirus IVT80054, could this be an unassigned sequence 

that relates to the NeVY discussed by Balasingham (1989), Pearson (2009) and 

others? 
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Table 4.3.5.1.1 Summary of BLASTn and BLASTx results of partial potyvirus-like sequences 

identified in the Illumina MiSeq data. 

 

Sequence CDD BLASTx 

DN11060_c0_g1_i1 CDD: Peptidase_C6 super family (cl20022), 
Poty_PP super family (cl07169), DEXD-
helicase, (csmart00487) and Helicase_C 
(pfam00271). 

RF-3 superfamilies, 
Poty_PP, PRK11664, 
Potyvirid P3, 
Peptidase_C6 

DN11057_c0_g1 Poty_coat super family, (cl02961) superfamilies poty coat 

DN4625_c0_g1_i1 RT_like super family (cl02808) RT_like super family  

Table 4.3.5.1.2 Summary of CDD results of partial potyvirus-like sequences identified in the 

Illumina MiSeq data. 

 

 

 

 

 

 

Sequence  Virus name 
query 
cover e-value 

% 
identity Accession 

DN11060_c0_g1_i1 
(BLASTn) 

Freesia mosaic 
virus (FreMV) 82% 

3.00E-
176 68.86% LC647195.1 

 
Peanut mottle 
virus (PMotV) 75% 

2.00E-
160 69.11% MT603817.1 

DN11060_c0_g1_i1 
(BLASTx) 

Freesia mosaic 
virus (FreMV) 99% 0 67.74% BDA76646.1 

 Peanut mottle 
virus (PMotV) 99% 0 65.16% QFO46835.1 

      

DN11057_c0_g1 (BLASTn) Nerine potyvirus 
IVT80054 46% 

9.00E-
109 81.00% EF362623.1 

 
Veltheimia virus Y 74% 

5.00E-
106 73.50% EU684971.1 

 Peanut mottle 
virus (PMotV) 64% 

4.00E-
101 74.55% MT900843.1 

DN11057_c0_g1 (BLASTx) 
Veltheimia virus Y 99% 

1.00E-
148 67.27% ACD63074.1 

 Freesia mosaic 
virus (FreMV) 99% 

1.00E-
147 67.27% AAT99071.1 

 Peanut mottle 
virus (PMotV) 97% 

4.00E-
139 65.36% QNT09945.1 

DN4625_c0_g1_i1 (BLASTn) Peanut mottle 
virus (PMotV) 

100% 0 72.96% MZ442687.1 

 Peanut mottle 
virus (PMotV) 

100% 0 72.88% MZ442685.1 

 Peanut mottle 
virus (PMotV) 

100% 0 72.79% AF023848.1 

DN4625_c0_g1_i1 (BLASTx) Peanut mottle 
virus (PMotV) 99% 0 78.24% QYA72120.1 
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4.3.5.2 Identification of a potentially novel secoviridae-like virus 

Secoviridae viruses are non-enveloped and have monopartite or bipartite linear 

+sense ssRNA genomes in an RNA1 and RNA2 formation. The linear RNAs are 

between 9 and 13.7 kb together. Virions are 25–30 nm in diameter and are 

icosahedral and have a 3’ Poly(A) tail. RNA1 and RNA2 are required for a 

systemic infection. Each RNA encodes a large ORF and expresses a polyprotein, 

which are then cleaved by 3c-like proteinases. Secoviridae viruses infect plants 

and some have an associated vector. Some are known to be mechanically 

transmissible. Members of the Sadwavirus genus have a wide host range, 

unknown vector and can be transmitted by seed (ICTV, 2021g). 

Secoviridae-like sequence was also identified from the MiSeq data, which may 

represent a potentially novel virus in the Secoviridae family. Sequence 

‘DN0_c0_g1_i2’ was similar to an RNA1 segment and sequence ‘DN0_c0_g1_i1’ 

was similar to an RNA 2 segment. Conserved domains were identified in the RNA 

1 ‘DN0_c0_g1_i2’ sequence including RNA_helicase (pfam00910) and 

RNA_dep_RNAP (cd01699), similar to the RNA 1 sequence from KU215538.1 

(Hayashi et al., 2016). Conserved domains were not identified in RNA 2 

‘DN0_c0_g1_i1’ sequence, however, no conserved domains were identified in the 

RNA 2 sequence from KU215539.1 (Hayashi et al., 2016). BLASTn/BLASTx 

results for ‘DN0_c0_g1_i2’ and ‘DN0_c0_g1_i1’ sequences are summarised in 

Table 4.3.5.2.1. 
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Sequence  Virus name 
query 
cover 

e-
value 

% 
identity Accession 

DN0_c0_g1_i1 
(BLASTn) 

Dioscorea mosaic associated 
virus (DMaV) RNA2 6% 

1.00E-
17 73.37% KU215539.1 

 Dioscorea mosaic associated 
virus (DMaV) RNA2 4% 

4.00E-
11 75.20% KX714934.1 

DN0_c0_g1_i1 
(BLASTx) 

Dioscorea mosaic associated  
Virus (DMaV) polyprotein of 
RNA2 55% 0 46.41% ASU55992.1 

 Dioscorea mosaic associated  
Virus (DMaV) polyprotein of 
RNA2 55% 0 45.93% YP_009316179.1 

DN0_c0_g1_i2 
(BLASTn) 

Dioscorea mosaic associated  
Virus (DMaV) RNA 1 21% 

2.00E-
67 66.35% KX714933.1 

 Dioscorea mosaic associated  
Virus (DMaV)  RNA1 22% 

2.00E-
36 65.90% KU215538.1 

DN0_c0_g1_i2 
(BLASTx) 

Dioscorea mosaic associated  
Virus (DMaV) polyprotein of 
RNA1 79% 0 49.89% ASU55991.1 

 Dioscorea mosaic associated  
Virus (DMaV) polyprotein of 
RNA1 79% 0 48.88% YP_009316187.1 

Table 4.3.5.2.1 Summary of BLASTn and BLASTx results of secoviridae-like sequences identified 

in the Illumina MiSeq data. 

 

Dioscorea mosaic associated virus which is a species in the subgenus Cholivirus, 

in the genus Sadwavirus, in the family Secoviridae, in the order Picornavirales 

(ICTV, 2020). Dioscorea mosaic associated virus (DMaV) is currently the only 

species in the subgenus. The ICTV species demarcation criteria for Secoviridae 

are amino acid sequence identities >80 % for the Pro-Pol region or >75 % for the 

CP region (King et al., 2012). The sequence identified in this study shared 59.6 - 

61.8 % (YP_009316187.1/ASU55991.1) aa identity over the Pro-Pol region and 

47.4 - 47.5 % (YP_009316179.1/ASU55992.1) aa identity over the CP region with 

dioscorea mosaic associated virus (DMaV). Putative cleavage sites were identified 

(Hayashi et al., 2016) and suggested the genome organisation as summarised in 

Fig.4.3.5.2.1. Full sequence annotation in Appendix 6. 
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Fig.4.3.5.2.1 Schematic of the genome organisation of potentially novel virus of the Secoviridae 

family. The RNA1 segment was 6,767 nt with the ORF coding for a 1,870 aa polyprotein. The Co-

Pro/Hel cleavage site was Q/S (460/461 aa), the Hel/Pro cleavage site was Q/G (917/918 aa) and 

the Pro/RdRp cleavage site was Q/G (1,169/1,170 aa). The RNA 2 segment was 5,484 nt with a 

1,140 aa polyprotein coded for by the ORF. The MP/CP cleavage site was S/G (346/347 aa)  

 

The putative cleavage site identified for RNA1 Pro/RdRp differs from Hayashi et al. 

(2016), who identified a Q/S and the virus presented here shows a Q/G site. 

Nevertheless, once validated by RT-PCR, RACE PCR, TA cloning and Sanger 

sequencing, the sequence presented should be considered as a new species in 

the Secoviridae family. The current 5’ UTR of RNA1 is 128 nt, which seems 

reasonable compared to KU215538.1 at 165 nt. The 3’ UTR is 1,028 nt, which 

seems excessive, compared to KU215538.1 at 150 nt. The current 5’ UTR of 

RNA2 is 256 nt, which is longer than KU215539.1 at 72 nt. The 3’ UTR of RNA2 is 

1,808 nt, which is too long, compared to KU215539.1 at 147 nt. Both 5’ and 3’ 

RACE PCRs are required to identify where the sequence ends. Sequences from 

the Sadwavirus subgenera Stramovirus, Satsumavirus and Cholivirus and the 

sequence identified in this study were aligned using ClustalW. A phylogenetic tree 

was generated in MEGA X and is presented in Fig.4.3.5.2.2. It shows the 

sequence from this study is distinct from other viruses in the Sadwavirus genus 

and sits alone on a branch next to dioscorea mosaic associated virus (DMaV). 

Once validated, this will represent a new Nerine virus from the family Secoviridae. 
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Fig.4.3.5.2.2 Phylogenetic tree comparing SMoV (strawberry mottle virus, AJ311875), BRNV (black 

raspberry necrosis virus, DQ344639), SDV (satsuma dwarf virus, AB009958), DMaV (dioscorea 

mosaic associated virus, KU215538), CLVA (chocolate lily virus A, JN052073) and the potentially 

novel secoviridae-like virus sequence from this study. Pro-Pol sequences were deduced from 

complete aa sequences and aligned in ClustalW. MEGA X generated a maximum likelihood tree 

with 1,000 bootstrap replicates and the Jones-Taylor-Thornton substitution model. Rates among 

sites set to uniform sites, gaps/missing data treatment set to use all sites, ML heuristic method was 

nearest neighbor-interchange, the initial tree for ML was set to make initial tree automatically 

default nj/bion/nj and branch swap filter was set to none. ClustalW parameters were pairwise 

alignment – gap opening penalty 10.00 and gap extension penalty 0.10. Multiple alignment – gap 

opening penalty 10.0 and gap extension penalty 0.20. Weight – use negative matrix OFF and delay 

divergent cutoff % 30, keep defined gap box unchecked. Weight – protein weight matrix GONNET, 

residue-specific penalties ON, hydrophilic penalties ON, gap separation matrix 4, end gap 

separation OFF. The ‘use negative matrix’ was OFF, delay divergent cutoff % 30 and ‘keep 

predefined gap’ was unchecked.   

 

 

4.3.5.3 Identification of a potentially novel badnavirus 

Badnavirus-like sequences were identified which may represent a potentially novel 

badnavirus, although it is not clear if this was endogenous. The validation steps 

following Illumina sequencing can be relatively straightforward, as was the case 

with NeLV, NeYSV and the NVX-like sequence or more challenging, as was the 

case with the badnavirus-like sequence. The straight forward cases still required 

much work to validate the genome including RT-PCR, TA cloning, Sanger 

sequencing and sequence alignment. In the more challenging case of validating 

the badnavirus-like sequences, the process included Directed Rolling Circle 

Amplification (d-RCA), PCR, TA cloning, Sanger sequencing and further Illumina 

sequencing. RCA was not successful, which was suggestive that the sequence 

may not exist as circular DNA in the cytoplasm. The PCR assays amplified 

products and sequence analysis of those amplicons showed the Illumina and PCR 

sequences aligned. Conserved badnavirus ORF3 motifs were identified using 

sequence generated by both Illumina and PCR, which suggested the presence of 
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a badnavirus, however there was ambiguity over whether it was endogenous or 

not. Endogenous viral elements or entities (EVEs) have been identified in plant 

genomes including endogenous pararetroviruses (EPRVs) (Umber et al., 2014) 

and badnaviruses can exist as double-stranded DNA viruses as episomal forms or 

as integrated sequences in the plant genome (Bhat et al., 2016). Genome 

integration is not a standard part of the pararetrovirus cycle, however, sequences 

can become integrated into the host genome (Bhat et al., 2016; Koch et al., 2020) 

as the virus can gather as mini chromosomes in the plant cell nucleus. During this 

accumulation in the host nucleus, illegitimate pararetoviral integration can occur. 

Usually the integration is fragmented (Bhat et al., 2016) but integration without 

rearrangement is possible, although occasional (Bömer et al., 2017). Integrated 

sequence is not necessarily associated with symptoms or infection  (Bhat et al., 

2016), however, abiotic stress can lead to these viral sequences producing a 

systemic infection (Bhat et al., 2016). Integration has been reported in tobacco 

with a virus similar to tobacco vein clearing virus (TVCV); in banana with banana 

streak virus (BSV); in petunia with petunia vein clearing virus (PVCV); in rice with 

a virus similar to rice tungro bacilliform virus (RTBV); in potato with solanum 

tubersoum endogenous pararetroviruses (SotuEPRV) and in tomato with 

lycopersicum pararetroviruses (LycEPRV) (Bhat et al., 2016). Badnaviruses infect 

a broad range of economically important plants across the world (Bhat et al., 2016) 

including yam (Bömer et al., 2017; Umber et al., 2014; Seal et al., 2014) and taro 

(Yang et al., 2003), yet most species of badnavirus have a narrow host range 

(Bhat et al., 2016). Symptoms can be mild to moderate and vary depending on 

virus, host type and cultivar, the environment and host growing conditions. 

Symptoms can change throughout the season in response to stresses to the plant 

and may not be a reliable diagnostic method (Bhat et al., 2016). Many 

badnaviruses accumulate in perennial plants that are propagated vegetatively and 

many are transmitted by mealybugs, with some also being transmitted by aphids 

(Bhat et al., 2016). Several methods have been employed to identify badnaviruses 

including ELISA, immunocapture PCR (IC-PCR), PCR, real-time PCR, loop-

mediated isothermal assays and rolling circle amplification (RCA). A badnavirus is 

a different species if it shares <80% nucleotide identity or <89% amino acid 

identity over the conserved reverse transcriptase (RT)/ribonuclease H (RNase H) 

coding region (ICTV, 2021). Even after a full genome was sequenced, Bömer et al. 

(2017) give a disclaimer that the sequence may still represent an endogenous 
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sequence and further work with Southern hybridisation techniques could test for 

the potential existence of endogenous forms of the virus that was identified in yam. 

Although badnavirus infection in Amaryllidaceae has not been widely reported, 

there is an association between badnaviruses and mealy bugs and aphids, which 

are common pests of Nerine. Badnaviruses can also be transmitted by vegetative 

propagation. The longest of the badnavirus-like contigs (DN33_c0_g1_i5 ~2141 nt) 

aligned well to RT-PCR generated sequence data, and shared similarities with 

ORF3 of multiple badnaviruses including dracaena mottle virus (DrMV) -

YP_610965.1 (56.68%), lucky bamboo bacilliform virus (abbreviation unclear and 

not on ICTV master species list #37) - ABR01170.1 (55.30%), pelargonium vein 

banding virus (PVBV and not on ICTV master species list #37) -YP_003208050.1 

(55.61%), blackberry virus F (BVF) - YP_009229919.1 (57.62%), cacao bacilliform 

SriLanka virus (CBSLV) - YP_009553548.1 (53.85%), yacon necrotic mottle virus 

(YNMoV) - YP_009121747.1 (51.90%) and taro bacilliform virus (TaBV) - 

AWK49018.1 (56.63%).  

Inward facing primers designed to the original MiSeq contig were used to survey 

Nerine plants for this badnavirus-like sequence. One hundred and eighty-eight 

samples were screened using the P1F-i5R primer pair that were designed to the 

original MiSeq data. One hundred and thirty-five were negative and 53 were 

positive, showing bands of the appropriate size (~2 kb). Of the 53 samples that 

amplified fragments with P1F-i5R primers, 38 were extracted as RNA. Seventy-six 

samples were screened using the p2f-i5r primer pair, 29 were positive and 26 of 

the 29 originated from RNA extractions. Seventy-three samples were screened 

using the P1F-P1R primer pair, 47 were positive and 39 of the 47 originated from 

RNA extractions. 
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4.4 Discussion 

Three new complete viral sequences have been identified from Nerine bowdenii × 

N. sarniensis 'Hera'. 

4.4.1 NeLV  

A new complete sequence of NeLV was determined and represents the first full-

length sequence of NeLV to be isolated from Nerine. The genome organisation is 

typical of a carlavirus and it shares high nt similarity to other NeLV isolates. It was 

most similar to NeLV from Narcissus (Australia) and least similar to one isolate 

from Amaryllis (Australia). The available sequence data combined with the Nerine 

UK sequence (MZ643994) suggested that there was not a Nerine -specific isolate 

and that sequences were similar across geographic regions. RDP4 (Martin et al., 

2015; Martin & Rybicki, 2000) detected a possible recombination event between 

the NeLV Nerine UK sequence (MZ643994) and two other NeLV sequences, 

which suggested that NeLV virus sequence Marijiniup 5 (JQ395044.1) might be 

the major parent and NeLV virus sequence Marijiniup 4 (NC_028111.1) the minor. 

Marijiniup 5 (JQ395044.1) was identified in Narcissus from Australia and Marijiniup 

4 (NC_028111.1) was identified in Hippeastrum from Australia. This suggested 

that at some historical point Marijiniup 5 and Marijiniup 4 potentially co-infected the 

same host and recombination may have occurred. NeLV Nerine UK (MZ643994) 

shares a branch on a phylogenetic tree with the NeLV Hangzhou-2005 isolate, 

which is also called narcissus symptomless virus, (a synonym of nerine latent 

virus) and would support the suggestion of co-infection of NeLV isolates in 

narcissus.  

4.4.2 NeYSV 

MT396083 represents the first complete genome sequence of NeYSV. This is the 

only complete NeYSV sequence available and so opportunities for full genome 

comparison with other NeYSV isolates are limited. RDP4 (Martin et al., 2015; 

Martin & Rybicki, 2000) did not detect recombination events with other potyviruses 

using four or more methods. The partial NeYSV sequences available suggest that 

NeYSV isolates cluster closely by country and host (Fig.3.3.3.2.0). It would be 

interesting to see how similar the rest of the genome is outside of the CP region.  

While the DAG/DAG motif combination in the CP of potyviruses is commonly 
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associated with aphid transmissibility (Nigam et al., 2019), there is variation of this 

motif, along with the HC-Pro counterparts (Gadhave et al., 2020), both of which 

are important for aphid transmissibility in some potyviruses. Common deviations 

from the DAG motifs are NAG, NVG (Gadhave et al., 2020), or KAG (Nigam et al., 

2019). The NAG and NVG motifs identified in the NeYSV are consistent with 

variations identified by Nigam et al. (2019) in other potyviruses and so NeYSV 

may be aphid transmissible.  

4.4.3 NVX 

MZ643995 represents a new complete potexvirus genome sequence, which is the 

first complete sequence to be isolated from Nerine. The NVX-UK Nerine 

(MZ643995) sequence identified was distinct from previously described full-length 

(NC_007679.1, HQ166713.1) and partial (EF203684.1) Agapanthus-derived 

isolates but similar over ~12% of the replicase to partial Nerine-derived RdRp 

isolate (EF203683.1). ICTV demarcation criteria for potexvirus species are less 

than 72% nt identity or 80% aa identity between their CP or Replicase regions 

(ICTV, 2020). Based on nt similarities this NVX-UK Nerine (MZ643995) sequence 

was distinct from the Agapanthus-derived sequences. When using Megablast 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) there was no significant alignment 

between it and the other complete NVX sequences. When using BLASTn 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) isolate NVX-J shared 71.11% and isolate 

NVX-Al shared 70.91% nt identity, suggesting the MZ643995 is surely a different 

strain, potentially even a different species. Although the aa sequences were more 

similar than the nt sequences, there were still distinct differences. The replicase 

regions (~72-72.65% aa) did not share enough identity to be classified as the 

same species for aa but the CP regions did (~84-87% aa). A potexvirus is a 

different species if it shares <72% nt or <80% aa identity over its replicase or CP 

regions. The MZ643995 sequence was most similar to (97.6% nt and 98.4% aa) a 

partial Nerine-derived RdRp sequence (EF203683.1) over ~12% of the replicase. 

We cannot know if this high nt and aa identity is shared over the whole replicase 

as only partial sequence is available for comparison. Additionally there are no 

other published Nerine-derived NVX sequences covering the CP for comparison.  
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These data suggested that either; 

a) this NVX-UK Nerine (MZ643995) is the Nerine strain of NVX, 

b) this is a novel potexvirus found in Nerine that shares high aa similarity over 

the CP. 

 

It has previously been reported that there are Agapanthus and Nerine strains of 

NVX, which were considered serologically indistinguishable from one another 

(Phillips & Brunt, 1988), which may be due to the similarities in the CP. Yet 

another study reported an NVX cDNA probe did not hybridise with an Agapanthus 

strain of NVX (Balasingham, et al., 1988). Although they may be serologically 

indistinguishable, they are sequentially variable and distinct enough to be different 

species.  

Sequencing of the historical isolates of NVX/AVX from the Alan Brunt collection 

(University of Warwick) resolved the question of whether NVX-UK Nerine 

(MZ643995) was a Nerine strain of NVX or a distinct virus. Comparison of these 

original NVX/AVX sequences with those sequences isolated from Agapanthus 

(NC_007679.1, HQ166713.1), confirmed that they are all the same species, NVX. 

Comparison of the NVX-UK Nerine (MZ643995) to the original NVX confirmed that 

the NVX-UK Nerine (MZ643995) sequence is distinct from the original and is a 

new potexvirus species, and the name hera virus x is proposed.  
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Chapter 5 UK wide survey of Nerine samples for viral infection  

5.1 Introduction 

Identification of NeLV (MZ643994), NVX-UK Nerine (MZ643995) and NeYSV 

(MT396083) in leaf samples was outlined in Chapter 3 and then the full-length 

sequence analysis of each virus was presented in Chapter 4. To determine how 

prevalent NeLV (MZ643994), NeYSV (MT396083) and NVX-UK Nerine 

(MZ643995) were in UK Nerine, a survey was undertaken, the results of which are 

presented in this chapter. UK Nerine growers were contacted via the ‘Nerine and 

Amaryllid Society’ and growers sent leaf samples by post. These samples formed 

the basis of this UK wide survey. Two survey methods were investigated, RT-PCR 

and Dot Blot analysis. The effectiveness of each method is discussed. Chapter 1 

presented various methods to identify virus infection in Nerine. RT-PCR was 

tested in Chapter 3 and proved to be a sensitive and specific method for 

identification of NeLV, NeYSV and NVX. This chapter describes experiments to 

create a Dot Blot hybridisation assay as a first stage screening alternative to RT-

PCR using plant sap or crude nucleic acid extractions, which, it was hoped, may 

reduce time/cost input for preparing and screening large sample sets.  

Dot Blot hybridisation assays have previously been used to identify plant viruses 

and viroids. Radioactive-labelled specific probes were used to detect citrus yellow 

mosaic badnavirus with uniform intensity for 5 ng of plasmid control and 100 ng of 

sample DNA (Borah et al., 2008). Alkaline phosphatase direct-labelled probes 

were used to detect soybean dwarf virus strains (sample RNA concentration not 

specified; Yamagishi et al., 2006). Digoxigenin-labelled probes were used to 

detect barley yellow dwarf virus isolates GAV, GPV and PAV with differing 

sensitivities. GAV was detected in total RNA from 25 ug of fresh tissue, GPV in 

total RNA from 31.25 ug of fresh tissue and PAV in total RNA from 62.5 ug of fresh 

tissue (Liu et al., 2007). Digoxigenin-labelled probes were used to detect five 

cucurbit viruses, zucchini yellow mosaic virus (ZYMV) (1:160), watermelon mosaic 

virus (WMV) (1:160), cucumber mosaic virus (CMV) (1:320), papaya ringspot 

virus-watermelon strain (PRSV-W) (1:160) and squash mosaic virus (SqMV) 

(1:320) with differing sensitivities in brackets in relation to dilution of crude nucleic 

acid extraction, however, the nucleic acids were not quantified (Meng et al., 2007). 

A combination RT-PCR and reverse Dot Blot hybridisation with digoxigenin-

labelled probes was used to detected potato virus y (PVY), turnip mosaic virus 
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(TuMV), dasheen mosaic virus (DsMV), zantedeschia mild mosaic virus (ZaMMV), 

papaya ringspot virus (PRSV) and zucchini yellow mosaic virus (ZYMV) with 5 ng 

of probe and 6 ng of amplified target (Hsu et al., 2005). Digoxgenin-labelled 

probes were used for routine potato spindle tuber viroid (PSTVd) testing by 

Science and Advice for Scottish Agriculture (SASA) (Monger, 2017). Biotin–

labelled probes were used to detect apple stem pitting virus (ASPV) to pg levels 

(Niu et al., 2007). A mix of biotin-labelled probes was used to detect potato spindle 

tuber viroid (PSTVd) to 31 pg of purified viroid (Nakahara et al., 1998). The wide 

variety of dot blot detection methods for viral identification suggested that dot blot 

may be an appropriate method for this study. It was necessary to develop and 

optimise the Dot Blot assay, details of which are presented in the methods section 

of this chapter. 
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5.2 Methods  

5.2.1 Dot Blot assay development 

Protocols as per manufacturer’s instructions are described in Chapter 2, with 

changes and specific details presented in this chapter. Positive controls were 

generated for NeLV, NeYSV and NVX by ligating an amplified viral fragment into a 

TA vector. The CP region was used for NeLV and NeSYV and the RdRp region 

was used for NVX. Negative controls of extracted sap from tomato (Solanum 

lycopersicum v. Money maker) seedlings and total nucleic acids from Nicotiana 

benthamiana were used. Positive controls were the respective plasmids (~10 ng, 1 

ng, 100 pg, 10 pg and 1 pg) from which the probes were generated and plasmid-

spiked nucleic acid samples at different dilutions (~10 ng, 5 ng, 2.5 ng and 1.25 

ng). Plasmids containing the viral amplicons were digested by restriction enzyme 

EcoRI  and gel purified. Biotin-labelled probes were generated. Unincorporated 

dNTPs were removed from the probe biotin-labelling reaction by Sephadex 

chromatography (Sephadex G-50). Four types of sample preparation were tested 

during the optimisation stage including Neat sap, Crude extract, Precipitated 

extract or Extraction buffer precipitated. The sap extracts cross reacted 

(Figs.5.2.1.0 a, b), showing signals for samples without virus (e.g. tomato 

seedlings) and so nucleic acid extractions were tested and shown to be an 

appropriate sample preparation method. Negative controls prepared this way did 

not show signal during the assay (Figs.5.2.1.1 a, b). Samples were quantified for 

RNA concentration using a DS11 spectrophotometer and a mean average 

calculated for each sample. Approximately 100 ng of each sample was spotted 

onto a 10 x 10 cm membrane using a pipette. A subsequent blot was generated 

using a Dot Blot manifold to apply higher volumes of nucleic acids to the same 

small area of membrane. Membranes were prehybridised and hybridised 

(ULTRAHyb) with the appropriate probe with the following modifications.  

ULTRAHyb Pre-hybridisation and hybridisation protocol modifications: 

• Prehybridise the blot at 42°C for 1 hour (instead of 30 minutes). 

• Following hybridisation the first wash step was performed at 42°C but then 

the temperature was increased to 55°C. Wash steps 2 x 15 minutes 

(instead of 2 x 5 minutes), then 2 x 20 minutes at 55°C (instead of 2 x 15 

minutes at 42°C).  
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Probes were detected (2.15.12 Biotin Chromogenic Detection Kit) with the 

following modifications. 

Biotin Chromogenic Detection Kit protocol modifications: 

• Block/wash 10 minutes (instead of 5 minutes). 

• Block for 1 hour (instead of 30 minutes). 

• After Streptavidin-AP conjugate incubation, block/wash 2 x 30 minutes 

(instead of 2 x 15 minutes). 

Following the increased stringency of some of the hybridisation and wash steps, 

the membrane showed less background and signals were visible from lower 

dilutions of plasmid control (Fig.5.2.1.3a, b). 

The assay was then undertaken with probes specific to NeLV, NeYSV and NVX. 

Samples were spotted onto the membrane using a pipette. Fig.5.2.1.4 shows the 

sample layout of survey membranes. Each membrane had 3 sets of controls 

spread across the diagonal, 3 positive controls at different concentrations and 1 

negative control. Each sample was replicated twice on the membrane. Table 

5.2.1.1 shows which sample appears for each number in the membrane layout, 44 

samples in total. Three membranes were created that were identical except for the 

positive controls relating to the respective virus (NeLV, NeYSV or NVX). These 

were pre-hybridised, hybridised and detected using the modifications presented in 

this chapter. Photographs of the membranes were analysed using ImageJ (no 

date) software (https://imagej.nih.gov/ij/download.html). The intensity of the spots 

were measured and these data were converted to ratios by dividing each dot 

density by the mean of the dot densities of the negative controls. It was decided 

that the threshold for a positive result was for both replicates to be over a ratio of 

1.5. 

 

 

https://imagej.nih.gov/ij/download.html
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Fig.5.2.1.1 Cross reaction of sap samples. a) Membrane after 2 hours incubation. b) Membrane 

after overnight incubation. Sample preparations were fresh and frozen sap of sample 79-Hera 

and 64-Fuschine, tomato neat sap, spiked tomato neat sap and the plasmid control. Sap 

dilutions were undiluted, 2 fold diluted, 4 fold diluted, 8 fold diluted and 16 fold diluted. 

Denatured plasmid concentrations were 9 ng, 0.9 ng, 90 pg, 9 pg and 0.9 pg. Each dot was 10 μl 

of liquid. Line 1 79-Hera, fresh neat sap, line 2 79-Hera, line 3 64-Fuschine fresh neat sap, line 4 

64-Fuschine frozen neat sap, line 5 tomato fresh sap spiked with control plasmid, line 6 fresh 

tomato sap negative control, line 7 plasmid control dilutions from 9 ng, 0.9 ng, 90 pg, 9 pg and 

0.9 pg.  

 

Fig.5.2.1.1a showed all sap samples and 9 ng, 0.9 ng positive plasmid control 

were detected within 2 hours. Fig.5.2.1.1b showed 90 pg positive plasmid control 

was detected after overnight incubation. The 9 pg and 0.9 pg positive plasmid 

controls were not detected. 

 

 

 

 



139 
 

 

 

Fig.5.2.1.2 Nucleic acid extraction and control membranes a) Membrane hybridised with probe.  

b) Membrane hybridised without probe. Identical blots were prepared and one was hybridised with 

probe and one without. Line 1 denatured plasmid at 10 ng, 1 ng, 100 pg and 10 pg, Line 2 79-Hera 

(extraction buffer method) from fresh leaf, Line 3 79-Hera (extraction buffer method) from frozen 

sap, Line 4 negative control of N.benthamiana (extraction buffer method) from fresh leaf, Line 5 N. 

benthamiana (extraction buffer method) from fresh leaf spiked with plasmid, Line 6 79-Hera neat 

sap, Line 7 N. benthamiana neat sap, Line 8 N. benthamiana neat sap spiked with plasmid. 

Samples start with undiluted and then 2 fold dilutions. These images were recorded after overnight 

detection.  

 

Fig.5.2.1.2a (with probe) detected plasmid controls and neat sap, Fig.5.2.1.2b 

(without probe) detected neat sap samples only, confirming that neat sap is linked 
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to non-specific detection. The new negative control (N. benthamiana, extraction 

buffer precipitated method) was not detected in either assay following overnight 

incubation, confirming that it is an appropriate negative control. 

 

 

Fig.5.2.1.3 Optimised assay a) Membrane after 4 hours incubation. b) Membrane after overnight 

incubation. Line 1 denatured plasmid at concentrations 10 ng, 1 ng, 100 pg, 10 pg, line 2 negative 

control N. benthamiana, line 3 N. benthamiana spiked with plasmid as an alternative positive 

control, line 4 79-Hera and line 5 64-Fuschine. All samples prepared using extraction buffer 

precipitated method. The pre-hybridisation, hybridisation and detection steps were performed with 

modifications detailed in this chapter.  
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Fig.5.2.1.3a shows plant sample signals just visible for undiluted. No signal was 

detected for the negative controls following overnight incubation. The plant sample 

signals just visible for the first two dilutions at four hours incubation did not 

intensify following overnight incubation. Positive controls (10 ng, 1 ng and 100 pg) 

were visible at 30 minutes (data not shown). 

 

PC1 PC2 1 2 3 4 5 6 7 8 

PC3 NC 2 1 4 3 6 5 8 7 

9 10 11 12 13 14 15 16 17 18 

10 9 12 11 14 13 16 15 18 17 

19 20 21 22 PC1 PC2 23 24 25 26 

20 19 22 21 PC3 NC 24 23 26 25 

27 28 29 30 31 32 33 34 35 36 

28 27 30 29 32 31 34 33 36 35 

37 38 39 40 41 42 43 44 PC1 PC2 

38 37 40 39 42 41 44 43 PC3 NC 
 

 

Fig.5.2.1.4 Membrane layout. Image showing layout of survey membranes. Samples prepared 

using the extraction buffer method, 10 x 10 cm membranes prepared using the pipette-spotted 

protocol. Each membrane has three sets of positive/negative controls in different locations. The 

positive controls are the denatured plasmid in different concentrations (PC1 100 ng, PC2 10 ng, 

PC3 1 ng) and the negative controls are Nicotiana benthamiana nucleic acids (100 ng). Each 

sample is replicated twice.  

 

Position Sample Position Sample Position Sample Position Sample 

1 64 12 195 23 116 34 79 

2 66 13 65 24 204 35 206 

3 117 14 210 25 80 36 218 

4 64a 15 199 26 144 37 83 

5 216 16 194 27 198 38 93 

6 114 17 29 28 27 39 Hera-vw 

7 26 18 145 29 92 40 211 

8 191 19 201 30 209 41 197 

9 n5 20 200 31 208 42 150 

10 84 21 n6 32 207 43 63 

11 190 22 142 33 203 44 Hera-mw 

Table 5.2.1.1 Blot position and corresponding sample ID. 
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5.2.2 RT-PCR 

Growers sent in Nerine leaf samples from different UK locations and 141 samples 

were tested for the presence of NeLV, NeYSV and the NVX-like sequence 

described in Chapter 4. NeLV was tested for using NeLV09/NeLV10 primers 

described in Chapter 3. The presence of NVX was tested for using primers Nvx-

race-cp-f and Nvx-race-cp-r (Table 5.2.2.1), which were designed to the newly 

identified NVX-like sequence MZ643995 and generated an 819 bp product. The 

presence of NeYSV was determined using primers NeYSV-multi-10 and NeYSV1, 

which were presented in Chapter 3. NeYSV-multi-1 was used with NeYSV10 as a 

couple of bp differences were identified between NeYSV09 and the complete 

sequence MT396083. Most samples were selected due to visible symptoms but 

some asymptomatic samples were also processed. Samples were frozen in liquid 

nitrogen upon receipt from growers and stored at -80 °C until use. RNA extraction 

(Qiagen Plant RNeasy Mini), quantification using Qubit, cDNA synthesis 

(TakaraBio EcoDry Premix), PCR using Dream Taq Green Master Mix x2 and gel 

electrophoresis and visualisation under UV light were carried out as per Chapter 2 

methods.  

Primer Sequence (5’-3’) Region Product 

Nvx-race-cp-f CACTCCGACTCACTCACGACTG NVX CP   819 bp 

Nvx-race-cp-r GCTTAAGGGCCGGTTAGGTTGG 

NeYSV-multi-1 AATGGTGATGATTTGCTC NeYSV CP 1283 bp 

NeYSV10 CTCACACCAAGAAGTGAGTG 

NeLV09 GATTCCGCAAGAGAATAAGTGCAC NeLV CP 1476 bp 

NeLV10 CTAGGCCTTTCATTAGGTTGAAGGTC 

Table 5.2.2.1 Primer sequences used for virus identification in the UK wide Nerine survey. 
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5.3 Results 

5.3.1 Dot Blot 

The results for the membrane hybridised with the NeLV probe to identify NeLV in 

test samples are presented in Fig.5.3.1.1 shows the membrane that carried the 

NeLV plasmid positive controls and was hybridised with the NeLV probe. The 

signal intensities of the blots were converted to ratios by dividing each dot density 

by the mean of the negative controls (Table 5.3.1.1). Positive controls are seen 

clearly on the blot whereas test samples from Nerine plants show little/low cross 

reaction with the probe. One sample, 66 Aurora shows one replicate over the 1.5 

ratio threshold set for a positive. 

 

Fig.5.3.1.1 NeLV probe. Membrane hybridised with NeLV probe after overnight incubation. The 

blue outlines denote the plasmid and negative controls (PC1 400 ng, PC2 40 ng, PC3 4 ng, PC4 

40 ng, PC5 4 ng, PC6 400 pg, PC7 400 ng, PC8 40 ng, PC9 4 ng). All negative controls at 100 

ng. The purple outline denotes a plant sample with one replicate over the 1.5 ratio threshold 

(Table 5.3.1.1, blot location 2, sample 66-Aurora). 

 

The ratio data for the membrane hybridised with the NeLV probe to identify NeLV 

in test samples are presented in Table 5.3.1.1. 
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2.36 2.20 1.16 1.53 1.05 1.16 1.07 0.97 1.02 0.84 

2.07 1.05 1.16 1.05 1.04 1.07 0.98 1.20 1.01 0.83 

1.11 1.03 1.04 1.06 1.04 1.02 0.99 0.99 0.95 0.84 

0.92 1.10 1.05 1.08 1.13 1.04 1.01 1.01 0.99 0.86 

0.99 1.04 1.07 0.98 2.09 1.87 0.97 0.95 1.12 0.84 

1.05 1.17 1.03 1.11 1.34 0.96 0.96 1.00 0.94 0.92 

1.14 1.02 1.11 1.21 1.06 1.03 1.00 1.02 0.96 0.95 

1.02 1.17 1.19 1.16 1.08 1.05 1.02 1.05 0.93 0.92 

1.32 1.18 1.13 1.17 1.10 1.07 1.09 1.17 2.30 2.13 

1.18 1.27 1.20 1.16 1.13 1.14 1.14 1.06 2.18 0.99 
 

 
Table 5.3.1.1 Ratio data from each dot of NeLV blot. 
 

 

The results for the membrane hybridised with the NeYSV probe to identify NeYSV 

in test samples are presented in Fig.5.3.1.2. The signal intensities of the dots were 

converted to ratios by dividing each dot density by the mean of the negative 

controls (Table 5.3.1.2). Seven sample pairs, 64a-Fuschine, n6-Zeal Giant, 142-

Pocahontas, 79-Hera, 218-Wellsii pale, 83-Ostara and 211-Regina, showed one 

replicate over the threshold ratio of 1.5 set for a positive identification.  
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Fig.5.3.1.2 Membrane hybridised with NeYSV probe after overnight incubation. The blue outlines 

denote the plasmid (PC) and negative (NC) controls (PC1, 4, 7 at 86 ng, PC2, 5, 8 at 8.6 ng, PC3, 

6, 9 at 860 pg. All negative controls at 100 ng). The yellow outlines denote plant samples with one 

replicate over the 1.5 ratio threshold (Table 5.3.1.2, blot location 4/sample 64a-Fuschine, blot 

location 21/sample n6-Zeal Giant, blot location 22/sample 142-Pocahontas, blot location 34/sample 

79-Hera, blot location 36/sample 218-Wellsii pale, blot location 37/sample 83-Ostara and blot 

location 40/sample 211-Regina).  

 

The ratio data for the membrane hybridised with the NeYSV probe to identify 

NeYSV in test samples are presented in Table 5.3.1.2. 

 

 

2.79 2.43 1.21 1.43 1.04 1.15 1.47 1.07 1.25 1.01 

2.48 0.99 1.21 1.02 1.64 1.12 1.16 1.16 1.12 1.07 

1.02 1.45 1.07 1.00 1.09 0.94 1.03 0.98 1.00 1.08 

1.22 1.21 1.09 1.10 1.15 1.10 1.07 0.96 1.02 1.07 

1.13 1.08 1.54 1.46 2.69 2.66 1.48 1.05 1.04 1.01 

1.07 1.41 1.51 1.48 1.88 1.02 1.10 1.07 1.08 1.03 

1.40 1.25 1.29 1.31 1.15 1.34 1.27 1.41 1.13 1.41 

1.21 1.49 1.31 1.15 1.18 1.11 1.61 1.21 1.71 1.09 

2.01 1.36 1.16 1.10 1.17 1.18 1.13 1.10 2.81 2.83 

1.32 1.47 1.83 1.12 1.01 1.04 1.08 1.20 2.79 0.99 
 

Table 5.3.1.2 Ratio data from each dot of NeYSV blot. 
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The results for the membrane hybridised with the NVX probe to identify NVX in 

test samples are presented in Fig.5.3.1.3. The signal intensities of the dots were 

converted to ratios by dividing each dot density by the mean of the negative 

controls (Table 5.3.1.3). Eight sample pairs, 66-Aurora, 64a-Fuschine, 201-Iman, 

N6-Zeal Giant, 207-SusanGroyer, 218-Wellsii pale, 83-Ostara and 211-Regina, 

showed both replicates over the threshold ratio of 1.5 set for a positive 

identification. Several samples showed signals with one replicate over the 

threshold including 64, 142, 144, 209, 79, HVW and 197. 

 

 

Fig.5.3.1.3 Membrane hybridised with NVX probe after overnight incubation. The blue outlines 

denote the plasmid and negative controls (PC1, 4, 7 at 100 ng, PC2, 5, 8 at 10 ng, PC3, 6, 9 at 1 

ng. Negative controls at 100 ng). The dark blue outlines denote samples with both replicates over 

the 1.5 ratio threshold (Table 5.3.1.3, blot location 2/sample 66-Aurora, blot location 4/sample 64a-

Fuschine, blot location 19/sample 201-Iman, blot location 21/sample N6-Zeal Giant, blot location 

32/sample 207-SusanGroyer, blot location 36/sample 218-Wellsii pale, blot location 37/sample 83-

Ostara and blot location 40-/sample 211-Regina). The light blue outlines denote plant samples (in 

addition to the ones with signals over 1.5 of the ratio threshold) with one replicate over the 1.5 ratio 

threshold (1-64, 22-142, 26-144, 30-209, 34-79, 39-HVW and 41-197).  

 

The ratio data for the membrane hybridised with the NVX probe to identify NVX in 

test samples are presented in Table 5.3.1.3. 
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3.00 2.93 1.43 1.92 1.03 1.87 0.95 1.21 1.08 1.22 

2.81 1.15 2.07 1.56 2.31 0.89 0.93 0.98 1.25 1.42 

1.32 1.24 1.20 1.11 1.15 0.96 1.02 1.12 1.36 1.34 

1.24 1.45 1.21 1.16 1.11 1.13 1.18 1.20 1.34 1.24 

1.69 1.25 1.88 1.55 2.89 2.92 1.41 1.08 1.22 1.41 

1.21 1.61 1.47 1.61 2.74 1.03 1.22 1.38 1.51 1.38 

1.31 1.40 1.24 1.32 1.27 1.55 1.28 1.48 1.35 1.92 

1.18 1.36 1.52 1.20 1.63 1.44 1.89 1.26 1.83 1.27 

2.15 1.36 1.57 1.55 1.61 1.29 1.23 1.16 3.06 2.95 

1.36 1.82 1.54 1.37 1.41 1.25 1.17 1.12 2.95 0.82 
 

Table 5.3.1.3 Ratio data from each dot of NVX blot. 

 

5.3.2 RT-PCR 

Amplification using primers NeLV09/NeLV10 (Fig.5.3.2.1a), Nvx-race-cp-f/Nvx-

race-cp-r (Fig.5.3.2.1b) and NeYSV-multi-1/NeYSV-10 (Fig.5.3.2.1c) gave clear 

distinct bands of the expected size.  

 

 

 

 

Fig.5.3.2.1a) Gel electrophoresis image 

showing a clear distinct band of the expected 

size, 1,476 bp for amplification of sample 63 

using NeLV09/NeLV10 specific primers, 

controls not shown. 

Fig.5.3.2.1b) Gel electrophoresis image 

showing clear distinct bands of the expected 

size, 819 bp for amplification of sample 63 

using Nvx.cp.f/nvx.cp.r specific primers, 

controls not shown. 
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Fig.5.3.2.1c) Gel electrophoresis image 

showing clear distinct bands of the expected 

size, 1,283 bp for amplification of sample 63 

using NeYSV-multi-1/NeYSV10 specific 

primers, controls not shown. 

 

 

Selective sequencing of amplicons showed sequences aligned to the respective 

viruses and so samples were then scored for the presence or absence of a band 

of the correct size. Samples were sent in by growers or collection was arranged 

(from Derbyshire, Worcestershire, Devon, Kent, Oxfordshire, Surrey and Cornwall 

between 2017 and 2020). Approximately 196 samples were used in assays 

(detailed in Appendix 5). The dot blot results were compared to PCR results for the 

same samples where data existed. Some examples of this comparison are 

presented in Table 5.3.2.2. Approximately 55.5% of PCR and dot blot results were 

a match and approximately 44.4% were a mismatch. Due to the requirement to 

process samples and the cross reaction of sap, it was decided not to continue with 

the dot blot assay.  
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 NeLV NeYSV NVX 

Sample dot blot PCR dot blot PCR dot blot PCR 

29 - + - + - + 

63 - + - + - (+) 

64 - + - + - (+) 

65 - + - + - + 

66 (+) + - + (+) (+) 

79 - + - + - + 

80 - - - + - - 

83 - (+) (+) + (+) + 

84 - + - + - - 

92 - - - - - - 

142 - - (+) - - - 

144 - - - + - - 

145 - - - - - - 

150 - - - - - + 

190 - - - + - - 

191 - - - - - - 

197 - + - + - - 

201 - + - + - + 

203 - - - - - - 

204 - - - - - - 

207 - (+) - + (+) - 

208 - - - - - - 

218 - - (+) - (+) - 

Hera-mw-63 - + - + - (+) 

Hera-vw-65 - + (+) + - + 

n5 - + - - - + 

n6 - - (+) - (+) - 
Table 5.3.2.2 Examples of comparison of dot blot results with PCR results for NeLV, NeYSV and 

NVX assays; + positive result, (+) weak positive result, - negative result. 

 

 

RT-PCR was used to survey 137 samples, which for comparison here have been 

grouped into three regions, South West (SW), South East (SE) and Midlands and 

North. Twenty-seven (19.7%) samples showed presence of all three viruses and 

twenty-two (16.5%) samples showed no infection. The results are summarised in 

Table 5.3.2.1. Single and mixed infections were observed. 
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  SW (36) 

No. of 

infected. 

SW % SE (65) 

No. of 

infected. 

SE % Mid-North (36) 

No. of 

infected. 

Mid-North % Total samples 

No. of infected. 

Total 

% 

Single NVX  2 5.5 9 13.8 4 11.1 15 10.9 

Single NeLV  4 11.1 2 3 2 5.5 8 5.8 

Single NeYSV  2 5.5 13 20 6 4.3 21 15.3 

 
    

 
  

 
  

 
  

Mixed NVX, NeLV 3 8.3 4 6.1 2 5.5 9 6.5 

Mixed NVX, NeYSV 2 5.5 13 20 5 13.8 20 14.5 

Mixed NeLV, NeYSV 3 8.3 7 10.7 5 13.8 15 10.9 

 
    

 
  

 
  

 
  

Mixed NVX, NeLV, 

NeYSV 

12 33.3 13 20 2 5.5 27 19.7 

 
    

 
  

 
  

 
  

No infection 8 22.2 4 6.1 10 27.7 22 16.5 

Table 5.3.2.1 Results of RT-PCR assays for NeLV, NVX and NeYSV screening. 
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Single NeLV infections were present across all regions but at low levels (~5-13% 

regionally; ~5% of total samples). NeLV co-infected with NVX across all regions at 

similar levels (~5-8% regionally; ~ 6% total samples) and NeLV co-infected with 

NeYSV in all regions at slightly higher levels (~8-13% regionally; ~11% of total 

samples). Single NVX infections appeared at low-medium levels across all regions 

(~5-13% regionally; ~11% of total samples), the highest level of single NVX 

infections clustering in the SE. NVX co-infection with NeYSV was highest in the 

SE (20%), lowest in SW (5%) and accounted for 14.5% of total samples. NeYSV 

was present as single infections across all regions at varying levels (~4-20% 

regionally; ~15% total samples). Twenty-seven samples showed mixed infections 

including NeLV, NVX and NeYSV, which accounted for 19.7%, regionally this 

varied from ~5-33%. Twenty-two plants were identified from which no viral 

sequences were amplified for NeLV, NVX and NeYSV (16.05% total samples) 

varying regionally from ~6-27%. These data show that most plants (83.95%) were 

infected with one or more viruses. NeLV had the lowest levels of single (8 

samples) and mixed (51 samples) infections, followed by single NVX (15 

samples), mixed NVX (56 samples), single NeYSV (21 samples) and mixed 

NeYSV (62 samples). Single infections varied from ~5-15% and mixed infections 

from ~6-19% of all samples. Single infections as a proportion of mixed infections 

including the respective virus ranged from NeLV single infections at 15.6% of 

mixed NeLV infections, through NVX single infections at 26.7% of mixed NVX 

infections to NeYSV with the highest level of single infections at 33.8% of mixed 

NeYSV infections, showing that the viruses were observed more in mixed 

infections than single infections. Dot blot, RT-PCR and dipstick results are 

summarised side by side in Appendix 5. The results of the studies of Nerine 

infection that were undertaken by Limbath et al. (2000) and Pearson et al. (2009) 

are presented alongside the results from the current study in a Table in Appendix 

6. 

5.3.3 Analysis of symptoms and virus infection 

To determine if there was a link between symptoms displayed by plants and viral 

infection, a test set of Nerine plants was analysed. Plants were photographed and 

symptoms described then samples taken and tested by RT-PCR. A total of 48 

plants were investigated, a summary of the viral infections and description of the 

symptoms are presented in Table 5.3.3.1 and a summary of the symptomology is 
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presented in Figs.5.3.3.0 a-m. Three symptom types are presented for each virus 

infection profile including NYSV (Figs.5.3.3.0 a-c), NeYSV+NeLV (Figs.5.3.3.0 d-f), 

NVX+NeYSV (Figs.5.3.3.0 g-i) and NeLV+NVX+NeYSV (Figs.5.3.3.0 j-l). Analysis 

of the table reveals no correlation between symptoms and infection profile.  

Table 5.3.3.1 Nerine virus profiles as identified by RT-PCR, and related observed leaf symptoms. 

Image Virus profile Symptoms 

1a NeLV, NVX, NeYSV Chlorosis, patches 

2a NeLV, NVX, NeYSV Chlorosis, patches 

3a NeLV, NVX, NeYSV Chlorosis, patches 

4a NeLV, NVX, NeYSV Chlorosis and necrosis 

5a NeLV, NVX, NeYSV Chlorosis and necrosis 

6a NeLV, NVX, NeYSV Chlorosis and necrosis 

7a NeLV, NVX, NeYSV Chlorosis   

8a NeLV, NVX, NeYSV Mild chlorosis and darker patches 

9a NeLV, NVX, NeYSV Chlorosis, rings with darker centres 

10a NeLV, NVX, NeYSV Chlorosis, patches 

11a NeLV, NVX, NeYSV Chlorosis, patches 

12a NeLV, NVX, NeYSV Chlorosis, patches 

13a NeLV, NVX Darker spots 

14a NVX, NeYSV Chlorosis and necrosis 

15a NVX, NeYSV Chlorosis, necrosis and darker spots 

16a NVX, NeYSV Chlorotic patches, darker spots, curled leaves 

17a NVX, NeYSV Yellow stripes and patches 

19a NVX, NeYSV Darker patches and curly leaves 

21a NVX, NeYSV Yellow chlorotic patches 

22a NVX, NeYSV No obvious symptoms 

23a NVX, NeYSV Darker spots 

24a NVX, NeYSV Large lighter spot patches 

25a NVX, NeYSV Chlorotic patches 

26a NVX, NeYSV Mild chlorosis/necrosis, darker spots and curly leave 

27a NVX, NeYSV Mild chlorosis/necrosis, darker spots and curly leave 

28a NVX, NeYSV A few darker patches, mild 

29a NVX, NeYSV Yellow chlorotic stripey patches and necrosis 

30a NVX, NeYSV Mild chlorosis 

31a NVX, NeYSV Chlorotic patches and some necrosis 

32a NVX, NeYSV Some chlorotic patches and curly leaves 

33a NVX, NeYSV Yellow stripes and chlorotic patches 

18a NVX, NeYSV Lighter spots 

20a NVX, NeYSV Lighter spots 

34a NeYSV Darker spots 

35a NeYSV Mild chlorosis 

36a NeYSV No obvious symptoms 

37a NeYSV No obvious symptoms 

38a NeYSV Mild chlorotic rings 

40a NeYSV Chlorosis, yellow stripes, darker patches, necrosis 

41a NeYSV Chlorosis, darker patches 

42a NeYSV No obvious symptoms 

43a NeYSV Mild chlorosis, darker patches 

44a NeYSV Chlorotic stripe, darker patches, necrotic spots 

45a NeYSV Mild chlorotic rings, darker patches 

46a NeYSV Mild chlorotic rings, darker patches 

47a NeYSV Mild chlorotic patches 

39a NVX Mild chlorotic patches 

48a - Some lighter patches 
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Fig.5.3.3.1a 
NeYSV 

Fig.5.3.3.1b 
NeYSV 

Fig.5.3.3.1c 
NeYSV 

   
Fig.5.3.3.1d 

NeYSV/NeLV 
Fig.5.3.3.1e 

NeYSV/NeLV 
Fig.5.3.3.1f 

NeYSV/NeLV 
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Fig.5.3.3.1g  
NVX/NeYSV 

Fig.5.3.3.1h  
NVX/NeYSV 

Fig.5.3.3.1i  
NVX/NeYSV  

   
Fig.5.3.3.1j  

NeLV/NVX/NeYSV 
Fig.5.3.3.1k 

NeLV/NVX/NeYSV  
Fig.5.3.3.1l  

NeLV/NVX/NeYSV  
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5.4 Discussion 

5.4.1 Dot Blot  

Dot Blot hybridisation was one of two survey methods investigated to identify virus 

infection in nerines. Dot Blot hybridisation assays have previously been used to 

identify plant viruses and viroids. One of six assays detected purified NeLV CP 

cDNA fragment to 10 pg, two assays to 90 pg, two assays to 100 pg and one 

assay to 1 ng. The biotin chromogenic detection kit states target detection limit of 

30-100 fg. The most sensitive detection achieved in these assays (10 pg) was far 

from the reported sensitivity of the kit. The purpose of developing this method was 

to be able to use sap or crude extract, thus potentially saving time and money on 

the extraction process, providing a rapid method to screen a large number of 

samples. It was clear that it was not possible to make the assay work with neat 

sap/crude extract due to the cross reaction of sap, so RT-PCR was the preferred 

method. Limitations of the dot blot approach included the low signal intensities of 

samples with low virus concentrations. These samples did not meet the 1.5 ratio 

threshold that was set for responses to be considered a positive result. It was 

decided that the threshold for a positive result would a ratio >1.5 times that of the 

mean of the negative controls (2.15.13 Image J software analysis). Although these 

samples did not generate a confirmed positive result using the dot blot assay, they 

may have shown a positive result using RT-PCR. This was highlighted by cross-

referencing the blot data against RT-PCR results (Table 5.3.2.2). The crossover of 

positive results between the dot blot data and RT-PCR data gave some 

confidence to the dot blot results, however not all the data points were covered by 

both assays. With sensitivity in mind, RT-PCR was a more appropriate method for 

screening Nerine samples for virus infection. Overall, RT-PCR assays were more 

reliable than dot bot assays.  

5.4.2 RT-PCR: Screening, symptomology and infection profiles 

Of 137 samples, 125 tested positive for NeLV, NVX or NeYSV, suggesting that 

these viruses are certainly widespread, if not endemic in the UK, and these data 

also suggest that mixed infections are common, which Pearson et al. (2009) also 

found in New Zealand Nerine. Limbath et al. (2000) also commonly found these 

viruses in sample material but it was not clear how their data related to mixed 

infections in single plants. Data from the current study showed that NVX single 
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infections (15 samples) were lower than NVX in mixed infections (56). This was 

similar to a survey conducted by Pearson et al., (2009), which showed 100% NVX 

infection and 100% mixed infections. Both of which support previous comments 

(Hakkaart et al., 1975; Brunt, 1977) that NVX often co-infects with NeLV and a 

potyvirus, in this case, NeYSV. Indeed all single infection levels were lower than 

mixed infection levels in this study. Data presented here are not dissimilar 

compared to other surveys in which Nerine were also sampled (Limbath et al., 

2000; Pearson et al., 2009) in that virus presence and total number of infected 

plants and mixed infections was variable between locations and Nerine types, with 

no overall consistency. Numbers of plants that did not test positive for NeLV, NVX 

or NeYSV also varied across other surveys. This study identified 22/137 (16%), 

which sits in between Pearson et al., (2009) with 0/5(0%) and Limbath et al. (2000) 

who identified ~198 N. flexuosa, ~252, N. bowdenii and ~1 N. sarniensis that did 

not test positive for NeLV, NVX or NeYSV, totalling ~451/2084 (~21.6%). We 

conclude that there does not seem to be a prevalence of the virus types occurring 

together or for infection with one virus type over another. When growers provided 

samples it is probable that material was selected that displayed symptoms. It is 

therefore possible that these data are skewed to infected material if there is a clear 

link between symptoms and viral infection profile.  

Symptoms described or associated with NeLV, NVX and NeYSV infection in 

Nerine and related plants are quite variable as was outlined in the introduction. In 

the current study, forty-eight samples were collected from Surrey and 

photographed for symptoms before being processed. These leaves were recorded 

as being symptomless or having chlorosis (patches), necrosis, darker 

patches/spots, curled leaves, yellow stripes/patches and lighter spots/patches. 

Comparison of viruses present with symptoms photographed revealed that there 

was no consistent link between viral symptoms and presence/absence of specific 

viruses. NeLV single infections were low and there were no single NeLV infections 

of photographed samples. NeLV has been described as symptomless in Nerine 

(Brunt et al., 1996a; Monger & Eden, 2019) unless co-infected with a potyvirus 

(Pearson et al., 2009). In the current study, we observed symptoms of 

NeLV+NeYSV co-infection that included chlorosis, necrosis, curly leaves, yellow 

stripes and lighter spots. Lighter spots and curly leaf edges were seen in some of 

the NeLV+NeYSV samples that were not seen in the NeYSV single infections. 
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Similar symptoms were observed in some of the NeLV+NeYSV infected samples 

as in the single NeYSV infected samples (symptomless, chlorotic rings/patches, 

yellow stripes and necrosis). Some NeYSV related symptoms including darker 

green oval spots, chlorosis and yellow stripes on leaves were consistent with 

symptoms described in previous reports (Pearson et al., 2009; Limbath et al., 

2000; Loebenstein et al., 1995; Guaragna et al., 2013; Kumar et al., 2015). Two 

out of seven plants infected with NeLV+NeYSV could be described as severe, 

which does not suggest that co-infection with NeLV consistently increased 

symptom severity of this virus combination. NeYSV has been linked to more 

significant disease symptoms than NeLV (Pearson et al., 2009). Our data does not 

show that NeYSV infection was consistently linked to more severe symptoms 

(2/13 NeYSV infections could be described as severe), although NeYSV was the 

most prevalent virus in single and mixed infections and therefore linked to a wider 

range of symptoms. High levels of NeYSV infection are in line with Pearson et al. 

(2009) (4/5 samples) but contradict Limbath et al. (2000) who found none in 

Nerine and only 1 infection in Lycoris. Plants co-infected with NeYSV+NVX 

appeared as symptomless or showed symptoms consisting of darker spots, lighter 

spots, chlorotic patches, yellow patches/stripes, curled leaves and necrosis which 

were similar to the range of symptoms we observed for single NeYSV infections. 

One of the 48 photographed plants was singly infected with NVX (Nerine 

sarniensis x N. flexuosa) and displayed mild lighter roundish patches. These 

symptoms could be described as similar to those described by Phillips & Brunt 

(1988), who mentioned symptomless/mild chlorosis in Agapanthus infected with 

NVX. Although NeLV has been reported as a symptomless infection in Nerine 

bowdenii and Hippeastrum hybridium (Brunt et al., 1996; Monger & Eden, 2019).  

Darker spots were present in one sample of Nerine humilis when co-infected with 

NVX. Plants infected with NeLV, NVX and NeYSV showed symptoms including 

chlorosis (rings/patches), darker patches and necrosis. Interestingly, symptom 

combinations in each plant were not consistent with the same symptom profiles in 

other plants, suggesting symptoms were not a reliable indicator of which viruses 

were present. This is illustrated by three different symptom profiles from plants 

infected with the same combination of viruses (Fig.5.3:3 a-j). Therefore we 

conclude that our data is unlikely to be skewed because there is no apparent link 
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between symptoms and infection profile, on the other hand viruses not screened 

for in this study may be present and could have contributed to the symptom profile.  

Virus accumulation is generally considered to be detrimental to plants long-term. 

Data presents NeLV, NVX and NeYSV in UK Nerine as single and mixed 

infections. Infection with NeLV, NeYSV and NVX appears to be endemic in UK 

Nerine and plants should be regularly screened to avoid long term detriment to 

Nerine stocks. 
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Chapter 6 Investigation into micropropagation protocols for the regeneration 

of Nerine material  

6.1 Introduction 

Micropropagation includes a number of methods used to regenerate plant material 

from a variety of plant organs. This chapter details experiments that investigated 

the regeneration of Nerine material from twin scales and florets with a view to the 

generation of virus-free plants from virus-infected material. Tissue culture or 

micropropagation has been used effectively to produce virus-free plants from 

virus-infected material (Pe et al., 2020; Turcsan et al., 2020; Azad et al., 2020; 

Nerway et al., 2020). Plant growth hormones are routinely used in 

micropropagation to encourage plant material to regenerate in a certain manner 

(Pe et al., 2020) (Azad et al., 2020) (Ziv & Naor, 2006). Auxins (include indole-3-

acetic acid (IAA), indole-3-butyric acid (IBA), 1-naphthateneacetic acid (NAA) and 

2,4-dichlorophenoxyacetic acid (2,4-D)) are commonly used in tissue culture are 

involved in rooting, cell enlargement, adventitious bud growth, to promote callus 

growth. IAA occurs naturally and the other auxins are synthetic (Kyte et al., 2013). 

Cytokinins are commonly used in tissue culture to promote cell division, shoot 

proliferation and the growth of axillary buds (Kyte et al., 2013) and include 6-

benzyladenine (BA) or 6-benzylaminopurine (BAP), 6-(gamma,gamma-

Dimethylallylamino)purine (2iP), kinetin (KIN), 6-(4-hydroxy-3-methylbut-2-

enylaminopurine) (Zeatin), thidiazuron (TDZ). BA and BAP promote axillary bud 

growth. 2iP causes rapid cell division and is suited to some plant better than 

BA/BAP. Zeatin is an alternative to 2iP/BA. TDZ is a highly active cytokinin-like 

chemical and induces axillary proliferation. Gibberellic acid is involved in cell 

enlargement and stem elongation and can be used alongside auxins and 

ctyokinins (Kyte et al., 2013). 

Nerine meristems have been regenerated using Linsmaer and Skoog media 

supplemented with NAA, kinetin and gibberellic acid (Hakkaart et al., 1975). 

Another example of meristem culture is meristems excised from hosta bulb tissue 

were cultured in media with the addition of NAA and either BA or TDZ (Pe et al., 

2020). Pe et al. (2020) reported that the combination of 0.1 mg/l NAA and 3.0 mg/l 

BAP supported the highest level of regeneration per explant. Additionally, nano-

silver particles in the medium stimulated growth of explants. Potato meristems 

were excised and cultured in liquid media supported on filter paper bridges. The 
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media were supplemented with 0.1 mg/L kinetin and 0.5 mg/L gibberellic acid to 

stimulate growth. Meristems were sub cultured to semi-solid media supplemented 

with  0.5 mg/L BA and 0.5 mg/L gibberellic acid. Meristems grew into virus-free 

plants (Azad et al., 2020). In the case of Nerine cultures, TDZ has been used as a 

plant growth hormone for florets, prior to initiation in media and BA and NAA  have 

been used as plant growth hormone in the media used for twin scales (Ros Smith, 

pers. Comm). Results from a previous study (Beddoe unpublished) indicated that 

bulbils would regenerate easily from Amarine belladiva twin scales and in several 

weeks and that plantlets would regenerate from Nerine sarniensis floret cultures in 

several months. Additionally, the previous study (Beddoe, unpublished) indicated 

that meristems excised from Nerine bulbils would regenerate into plantlets in 

approximately 5 weeks and provided the basis of media composition, light and 

temperature for meristem culture of Nerine. The following questions arose from the 

previous study: 

• does the delivery method of TDZ (soak/media) affect regeneration from 

floral tissue? 

• does exclusion of light affect regeneration from floral tissue?  

• do viruses remain after floret/callus culture?  

• is the presence of BAP/NAA critical for bulbil generation from twin scales or 

will bulbils generate in the absence of these plant growth hormones. 

 

Twin scale and floret culture experiments were undertaken to produce clean 

cultures from which meristem cultures could then excised. Many viruses do not 

accumulate in meristems so meristem culture has proved successful in producing 

virus free plants. The first step was to generate clean cultures, as bacterial and 

fungal contamination is a common problem. Nerine are a bulbous flowering plant 

and so multiple organs could be used for regeneration including the bulb, stem 

and flowers. Bulb scales (Grootaarts et al.,1981; MacDonald,1987) and florets (Ziv 

et al.,1994; Lilien-Kipnis et al.,1990) have been previously used for Nerine tissue 

culture.  
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6.2 Methods 

6.2.1 Twin scale experiments 

Twin scales were excised as per method presented in Chapter 2. The assay 

details including the plant source, sterilisation method, number of replications of 

twin scales, basal plate orientation and experiment reference are summarised in 

Table 6.2.1.1. Details of modification to the sterilisation process and media type 

are covered in this section. 

Source Sterilisation 
method 

Media Replications Basal plate 
orientation 

Ref 

Zeal Giant 1 D1 50 down TS1 

Zeal Giant 1 D1 50 up TS2 

Sarniensis cultivar 2 D1 50 down TS3 

Sarniensis cultivar 2 D1 90 up TS4 

Sarniensis cultivar 2 D1 18 up TS5 

Zeal Giant 2 D1 50 up TS6a 

Zeal Giant 2 D1 50 down TS6b 

Zeal Giant 2 D0 50 up TS6c 

Zeal Giant 2 D0 50 down TS6d 

Zeal Giant 2 D15 25 up TS7a 

Zeal Giant 2 D15 25 down TS7b 

Zeal Giant 2 D05 25 up TS7c 

Zeal Giant 2 D05 25 down TS7d 

Zeal Giant 2 D1 25 up TS7e 

Zeal Giant 2 D1 25 down TS7f 

Zeal Giant 2 D0 25 up TS7g 

Zeal Giant 2 D0 25 down TS7h 

Zeal Giant 3 D15 25 up TS8a 

Zeal Giant 3 D05 25 up TS8b 

Zeal Giant 4 D1-anti  46 down T9 

Table 6.2.1.1 Summary of twin scale assays including plant source, sterilisation method, media 

type, replication number, basal plate orientation and experiment reference. 

 

Sterilisation methods: 

1. As chapter 2. 

2. As chapter 2 with the addition of excised twin scale explants were then 

submerged in a Milton solution (4 tablets/480 ml water) with a small drop of 

detergent, covered and stirred for 20 minutes. Explants were then rinsed in 

distilled water. 

3. As number 2, presented above, with 2 tablets/500 ml water for the Milton 

solution. 

4. Bulbs were washed under gentle running water for four hours, the dried 

overnight. Twin scales were excised and treated with a Milton wash (2 
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tablets/500 ml water plus small amount of detergent) for 20 minutes, then 

rinsed in sterile distilled water. 

Media 

• D15 and D05 have 0.8 g less agar per litre that D1 and D0. 

• D1-anti medium was D1 with the addition of 10 ml/litre (recommended 

usage) of Sigma’s antibiotic/antimycotic solution A5955 (TS9). A5955 is 

reported to be effective against gram-negative bacteria, Gram-positive 

bacteria, fungi and yeasts. 

 

6.2.2 Floret experiments 

Twin scales were excised as per method presented in Chapter 2. The assay 

details including the plant source, sterilisation method, number of replications of 

twin scales, basal plate orientation and experiment reference are summarised in 

Table 6.2.2.1. Details of modification to the sterilisation process and media type 

are covered in this section. 

Source Sterilisation 
method 

Media TDZ 
soak 

Light/dark Replications Ref 

Zeal Giant 1 CROC YES Dark 25 F1a 

Zeal Giant 1 CROC NO Dark 25 F1b 

Zeal Giant 1 CROCZ YES Dark 25 F1c 

Zeal Giant 1 CROCZ NO Dark 25 F1d 

Zeal Giant 1 CROC YES Light 25 F1e 

Zeal Giant 1 CROC NO Light 25 F1f 

Zeal Giant 1 CROCZ YES Light 25 F1g 

Zeal Giant 1 CROCZ NO Light 25 F1h 

Zeal Giant 2 CROCZ YES Dark 20 F2a 

Zeal Giant 1 CROCZ YES Dark 20 F2b 

Hera 2 CROCZ YES Dark 25 F3 

Sarniensis cultivar 2 CROCZ YES Dark 41 F4 

Sarniensis cultivar 2 CROCZ YES Dark 41 F5 

Table 6.2.2.1 Summary of floret assays including plant source, sterilisation method, media type, 

replication number, basal plate orientation and experiment reference. 

 

Sterilisation methods 

1. As chapter 2. 

2. As chapter 2 with the addition of excised floret explants were then 

submerged in a Milton solution (4 tablets/480 ml water) with a small drop of 

detergent, covered and stirred for 20 minutes. Explants were then rinsed in 

distilled water. 
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6.3 Results 

Most cultures became contaminated with fungi or bacteria quickly. There were 9 

instances of regeneration of bulbils from twin scales but the bulbils did not thrive. 

None of the plantlets were weaned to soil. Fungal contamination was likely to be 

endogenous, so a more stringent sterilisation procedure was required, hence the 

modifications to the methods following the contamination check. Table 6.3.1 

summarises the twin scale experiment results and Table 6.3.2 summarises the 

floret experiment results. 

 

Ref Material # Observed days post 
initiation/sub culture 

Discarded Sub 
cultured 

Regen. Weaned 

TS1 NZG 50 5 All 0 n/a n/a 

TS2 NZG 50 16 All 0 n/a n/a 

TS3 NZG 50 19 23 27 No No 

      8 27 0 n/a n/a 

TS4 Unidentified 90 5 Some Some n/a n/a 

      7 24 Some n/a n/a 

      7 8 Some n/a n/a 

TS5 Unidentified 18 10 8 10 n/a n/a 

  TS4, TS5 
combined 

  6 10 Some 9 n/a 

      15 4 Some 0 n/a 

      7 All 0 0 n/a 

TS6 NZG 
(EXP1) 

200 17 162 38 0 n/a 

      16 38 0 0 n/a 

TS7 NZG 
(EXP2) 

200 7 127 73 0 n/a 

      7 28 45 0 n/a 

      6 42 3 3 n/a 

TS8 NZG 50 14 All 0 0 n/a 

TS9 NZG 46 2 28 18 0 n/a 

      10     1   

Table 6.3.1 Results of investigation into regeneration of Nerine tissue using twin scales as 

explants. 
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Fungal and bacterial contamination was common in the twin scale explants 

(Fig.6.3.1a, b), as was deterioration of explants (Fig.6.3.1c). Three twin scales 

generated bulbils (Fig.6.3.2a), which grew (Fig.6.3.2b), developed into plantlets 

(Fig.6.3.2c) and were eventually separated from the explant and sub-cultured 

(Fig.6.3.2d). The regeneration is more easily seen in Fig.6.3.3, where 

bulbils/plantlets have been separated from the twin scale material and are laid out 

side by side on a glass tile. 

   
Fig.6.3.1a Twin scale 
contaminated with fungus. 

Fig.6.3.1b Twin scale 
contaminated with fungus, 
discoloured gel and 
deteriorated explant. 

Fig.6.3.1c Twin scale 
deterioration example 
showing tissue necrosis. 

 

    
Fig.6.3.2a  N. ‘Zeal 

Giant’ twin scale with 
bulbil growth between 

the scales. 

Fig.6.3.2b 
Development of N. 

‘Zeal Giant’ bulbil from 
a twin scale. 

Fig.6.3.2c N. ‘Zeal 
Giant’ plantlets 

developing from a twin 
scale-derived bulbil. 

Fig.6.3.2d N. ‘Zeal 
Giant’ plantlets 

separated and sub 
cultured. 

 

 

Fig.6.3.3 N. ‘Zeal Giant’ plantlets separated from a twin scale. This twin scale developed multiple plantlets. 
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Ref Material # 

Observed days 

post initiation/sub 

culture Discard Subculture Regen. Weaned 

F1 NZG 100 13 0  100 0 0 

      3 0 0 0 0 

      17 15 85 0 0 

      10 9 0 0 0 

      21 5 71 0 0 

      15 12 0 0 0 

      29 59 1 1 0 

F2 NZG 40 14 1 39 0 0 

      21 3 36 0 0 

      7 16 20 0 0 

      24 0 20 0 0 

F3 Hera  25 21 0 25 0 0 

F4 Unidentified 41 11 12 29 0 0 

      13 5 24 0 0 

      18 6 18 9 38 

F5 NZG 200 12 36 164 0 0 

      16 0 0 0 0 

      63 29 135  0 0  

      15 135 0 0 0 

Table 6.3.2 Results of investigation into regeneration of Nerine tissue using florets as explants. 

 

F4 was the most successful and resulted in 38 plants being weaned. Fungal 

contamination (Fig.6.3.4a) and deterioration (Fig.6.3.4b) of floret explants was 

common. Some explants remained static (Fig.6.3.3.4c) neither deteriorating nor 

developing. A number of Nerine sarniensis florets showed signs of regeneration 

(Fig.6.3.4d) including a healthy colour and swelling in the ovary/pedicel junction 

and pedicel end regions. These explants developed callus in the pedicel end 

(Fig.6.3.4e) and ovary/pedicel junction (Fig.6.3.4f) regions. The callus was split 

apart and spread out on media (Fig.6.3.4g,h) to develop further and continue to 

green (Fig.6.3.4I,j). Callus proliferated and required further sub-culture and 

spreading out (Fig.6.3.4k) and was sub-cultured monthly to CROCZ media. The 
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callus developed into plantlets (Fig.6.3.4l), which became crowded (Fig.6.3.4m) 

and in turn required sub-culture and spreading out. When new plantlets had begun 

to form roots, they were sub-cultured to MB media monthly. Individual plantlets 

(Fig.6.3.4n) were separated and sub-cultured to MB media (MS basal salts plus 

vitamins but no growth hormones) to develop roots (Fig.6.3.4o). Rooted plantlets 

were then weaned to a sandy compost mix (Fig.6.3.4p) and maintained in the 

glasshouse.  

 

    
Fig.6.3.4a Fungal 

contamination of floret 
in culture. 

Fig.6.3.4b 
Deterioration of floret 

in culture. 

Fig.6.3.4c Example of 
a static explant, 

neither deteriorating 
nor developing. 

Fig.6.3.4d Developing 
floret explants, healthy 
colour and swelling of 
ovary/pedicel junction 

and pedicel end. 

    
Fig.6.3.4e Callus 
developing at the 
pedicel end regions. 

 

Fig.6.3.4f Callus 
developing at the 
ovary/pedicel junction 
region. 

 

Fig.6.3.4g Callus is 
split up and spread 
out on media to 
develop. 

Fig.6.3.4h Close up of 
callus development.  

    
Fig.6.3.4i Split up 
callus continues to 
develop and turns 
green. 

Fig.6.3.4j Callus 
developing a green 
colour.  

Fig.6.3.4k Callus 
proliferates and 
requires continued 
splitting and sub-
culture. 

Fig.6.3.4l Plantlets 
develop from callus. 
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Fig.6.3.4m Further 

plantlet development 
Fig.6.3.4n Individual 

plantlet. 
Fig.6.3.4o Plantlets 
sub-cultured to MB 
media to develop 

roots. 

Fig.6.3.4p Rooted 
plants weaned to a mix 
of compost and sand 
and maintained in the 

glasshouse. 

 

Leaf samples from eight randomly selected, weaned, floret-derived plantlets were 

screened for NeLV, NVX and NeYSV using RT-PCR. Eight showed appropriately 

sized bands for NeYSV (1283 bp, although additional bands were also visible 

~800 bp), no bands visible for NeLV, barely visible bands (819 bp) were visible for 

NVX in six samples (1,3,4,5,6,7), gel shown in Fig.6.3.5 and results summarised in 

Table 6.3.3. 

 

Fig.6.3.5 Gel electrophoresis image showing PCR results of micropropagated Nerine samples from 

floret culture, amplified with NeYSV-multi1/NeYSV10, NeLV09/NeLV10 and nvx.cp.f/nvx.cp.r 

primers. Lane 1 and 2, ladders, lane 3 positive control, lane 4 negative control, lanes 5-12 

micropropagated samples 1-8 with NeYSV primers, lanes 13-20 micropropagated samples 1-8 with 

NeLV primers, and lanes 21-28 micropropagated samples 1-8 with NVX primers. 
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Sample NeYSV NeLV NVX 

1 + - (+) 

2 (+) - - 

3 + - (+) 

4 + - (+) 

5 + - (+) 

6 + - (+) 

7 + - (+) 

8 + - - 

Table 6.3.3 Results of RT-PCR with primers for NeLV, NeYSV and NVX to test micropropagated 

plants for virus infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



169 
 

6.4 Discussion 

Most of the twin scales that were excised from Nerine ‘Zeal Giant” became 

contaminated. Of those cultures that remained clean, four generated bulbils, which 

over time became contaminated and died. Twin scales were excised from dormant 

bulbs in Spring or after flowering in Autumn, there was no obvious difference in 

contamination or performance from explants taken at the different times of year. 

The basic sterilisation process used in this study has previously been successfully 

used with other explants including Rhododendron, Agapanthus and cauliflower 

(Smith, personal communication). The use of bleach in water with a wetting agent 

has been commonly used as a standard method of surface sterilisation for tissue 

culture (Sigma Aldrich, 2021). Ziv et al. (1994) investigated Nerine regeneration in 

bubble reactors but did not mention explant sterilisation as part of their study into 

Nerine callus proliferation in bubble reactors, multiple other researchers have cited 

inefficient initial sterilisation of plants material/explants as a common problem in 

the micropropagation process (PlantCell Technology, 2021). The surface 

sterilisation of material from the field for controlling fungal and bacterial infection is 

particularly difficult and is an essential step in micropropagation (Mihaljević et al., 

2013; Lazo-Javalera et al., 2016). The issues raised by Mihaljević et al. (2013) and 

Lazo-Javalera et al. (2016) aligns with our issues with using bulb tissue from field 

sites that subsequently developed high levels of contamination. Sodium 

hypochlorite has been routinely used for surface sterilisation (PlantCell 

Technology, 2021; Oluwakemi et al., 2018; Taški-Ajdukoviã & Vasiã, 2005; 

Tomaszewska-Sowa et al., 2015), similar to the protocol used in this study with 

10-20 % diluted household bleach for approximately 10-30 minutes. Additionally, 

Milton sterilising tablets (that contain 1% sodium hypochlorite and 16.5% salt) 

have previously been used in micropropagation surface sterilisation protocols 

(Kendon, 2012; Smith, personal communication).  

Nine Nerine sarniensis twin scales generated bulbils, which became contaminated 

and died. Explants seemed recalcitrant in culture and it was difficult to remove 

surface/endogenous contamination. Explants appeared to deteriorate in response 

to more stringent sterilisation methods. This contradicts a previous study with twin 

scales from Amarine belladiva (Beddoe unpublished).  

Floret culture was marginally better. No regeneration was seen with Nerine ‘Hera’ 

florets. One Nerine Zeal Giant’ floret generated callus and plantlets (which 
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subsequently deteriorated). Nine Nerine sarniensis florets showed callus 

regeneration and developed plantlets that could be weaned to soil. Despite these 

difficulties, a small amount of material seemed to flourish once the callus stage 

was reached and many plantlets were sub-cultured (38 plants were weaned to soil 

from two culture containers with at least 30 culture containers still in the growth 

room). This low level of regeneration from floret material following this initiation of 

406 florets contrasts with previous studies of Nerine (Ziv et al.,1994; Lilien-Kipnis 

et al.,1990) where inflorescence-derived explants easily developed callus/nodular 

tissue in addition to shoot development at the flower pedicel/ovary area after 

exposure to 2,4-D and BAP. The low number of florets generating callus in this 

study also contrasts with a previous pilot study where higher regeneration rates 

were achieved with Nerine sarniensis ‘Highdown Scarlet’ and ‘Baghdad’. The 

current poor regeneration rates were seen with N. Zeal Giant’ (twin scales and 

florets) and Nerine ‘Hera’ (florets). N. sarniensis (unspecified cultivar) generated 

callus and plantlets although not to the extent that was expected based on 

previous studies. It is possible that there was some underlying unknown problem 

with the process which affected all material. Previously successful protocols with 

Nerine sarniensis were followed, however, there were a few times that the growth 

room/chambers overheated and explants were exposed to higher than optimal 

temperatures. 

Plant cultivars do not always respond in the same way when used as explants for 

tissue culture, and some cultivars can show a higher level of regeneration than 

others. Nerine in culture can exhibit large genetic variation (Custers & Bergervoet, 

1992) and differences in plantlet production capacity (Pierik and Ippel, 1977). This 

is possibly related to endogenous contamination (MacDonald, 1987 (twin scales)) 

or variation in their regeneration potential (Grootaarts et al., 1981 (twin scales)). 

Similar protocols can elicit different results when using different species and 

explants (Pe et al., 2020) and variation in the regeneration efficiency using 

different explants has been noted. It is possible that Nerine ’Zeal Giant’, has a high 

level of endogenous contamination (fungi, bacteria) combined with a low 

regeneration potential in culture. As the results of the airborne contamination 

check were negative, it can be assumed that the contamination originated from the 

explants. ‘Hera’ is infected with at least three Nerine viruses (possibly more), as 

described in Chapters 3 and 4. If this viral infection is combined with a possible 
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low regeneration potential in culture, it might account for the unexpected poor 

regeneration. Nerine’ Zeal Giant’ and Nerine ‘Hera’ are hybrids of sarniensis and 

bowdenii types. The hybrid element may have some unknown negative effect on 

regeneration in culture or these types may prefer different culture conditions than 

were provided. None of the weaned plants derived from floret culture were virus-

free. Floret culture with a callus stage may remove NeLV and may have reduced 

NVX but did not remove NeYSV. Callus culture was not intended to generate 

virus-free plants from virus infected plants, it was intended to generate material 

from which to excise meristems, to then use for meristem culture. However, there 

was not enough material to attempt a robust meristem experiment and so plants 

generated from the floret explants were tested for virus just to see if any of them 

were virus-free. Meristem does not always lead to virus-free plants. Yulianingsih et 

al., (2020) did not eliminate garlic common latent virus from garlic using meristem 

and thermotherapy. A prolonged callus phase can lead to mutations accumulating 

in plant tissue (Betekhtin et al., 2017). Phenotypic changes can sometimes be 

observed in plants regenerated using tissue culture. Somaclonal variation may 

result from genetic and epigenetic changes during the callus phase and may also 

result from the level of stress experienced by the explant. Variation can also result 

from the explant source, genotype, age and the type of tissue culture protocol 

used (Betekhtin et al., 2017). 

It would be very useful to growers, breeders and historical collections to have a 

micropropagation protocol that was able to a) successfully and consistently 

regenerate material from bulbs or florets and b) successfully and consistently 

regenerate virus-free material from virus-infected material. In order to successfully 

and consistently regenerate material from twin scales or florets using 

micropropagation, it is first necessary to develop working protocols. These should 

include initial screening for virus presence from parent material using RT-PCR. 

This can be done using the primers presented in this thesis or designing new 

primers to the full-length sequence identified and presented during this study. For 

general regeneration or bulking up of material from a breeder, this method enables 

virus-free material to be used as parent material. In the case of trying to remove 

virus infection by meristem culture, testing enables understanding of the infection 

profile. There are micropropagation laboratories (Iribov, no date) that test for virus 

infection, use meristem culture to generate virus-free plants, test for virus infection 



172 
 

and then multiply confirmed virus-free plants for growers/breeders. Unfortunately, 

details of media composition is unknown as the work is not published. A previous 

study (Beddoe, unpublished) successfully regenerated a few Nerine plantlets 

using meristem culture, however they were not virus-free. Contamination and 

recalcitrance was observed in the current study, which suggested that the 

sterilisation process and/or the culture conditions were inappropriate. 

Antibiotic/antimycotic liquid was eventually incorporated into media but the 

situation did not improve. Antibiotics are not routinely recommend for use in plant 

tissue culture as they can be ineffective, toxic and can damage the explants by 

promoting chromosomal instability (Kyte et al., 2013). Their use in plant tissue 

culture should be controlled and used as a last resort, not as an alternative to 

asepsis (Falkiner, 1997). High levels of contamination observed in cultures derived 

from soil-grown organs was highlighted by (Kritzinger et al., 1997) and similar 

issues were observed in the current study.  

Kritzinger et al. (1997) tried different methods to remove contamination in the 

rhizomes of Zantedeschia aethiopica. They were not able to eliminate 

contaminants using sodium hypochlorite as the plant material became damaged 

during the long exposure needed to remove external contamination. Heat and 

fungicide pre-treatment followed by sodium hypochlorite and mild ethanol 

treatment was employed but was also inefficient due to internal contamination in 

the explants. Antibiotics were also employed as a last resort and were reported to 

be efficient against internal bacterial contamination. Combinations of antibiotic 

mixture (penicillin, streptomycin, amphotericin and sodium chloride) and fungicide 

reduced fungal and bacterial contamination but did not eliminate endogenous 

fungi. Additionally, the fungicidal pre-treatment was at least 24 hours and the 

antibiotics pre-treatment was of 5 days duration. The method of antibiotic and 

fungicide delivery in a distilled water shake prior to initiation (instead of 

supplementing the growth media) was suggested to be more appropriate due to 

the absence of nutrients that would enable the bacteria/fungi to grow (Kritzinger et 

al., 1997). Also Kritzinger et al. (1997) used the antibiotic mixture at half (5 ml/L) 

the recommended concentration (10 ml/L) with appropriate results. Jacobs et al., 

(1992) were successful with a 0.2% benlate solution as a fungicide pre-treatment. 

The twin scale method has successfully been achieved without micropropagation 

facilities (e.g. cutting up a bulb with a clean knife, adding it to a bag with some 
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vermiculite in it and keeping it somewhere dark for a period of time) (Hanks & 

Jones, 1986), so it was frustrating to encounter so many issues in this study, 

especially when a previous study (Beddoe, unpublished) generated bulbils from 

twin scales in culture in around 3 weeks. Amendments to the protocols attempted 

in this study for future experiments could include the pre-treatments mentioned by 

Kritzinger et al. (1997) if excision from bulb material was necessary. The twin 

scale method could be done as per Hanks & Jones (1986) and then bulbils could 

be sterilised and meristems excised from them in a sterile environment. If using 

floret explants, silver nano particles (Pe et al., 2020) and antivirals (Nerway et al., 

2020) in growing media.  

There was a clear difference in the contamination levels observed between the 

twin scale and floret cultures. The twin scales exhibited higher levels of 

contamination and lower levels of regeneration than the florets. Only plants from 

floret cultures were weaned to soil. This suggests that floret culture is the 

appropriate organ use as an explant to regenerate Nerine plants, as long as the 

callus stage does not cause mutations resulting in different genotypes from the 

parent bud. 

 

 

 

 

 

 

 

 

 

 

 

 



174 
 

Chapter 7 General discussion  

7.1 Overall findings 

NeLV and NeYSV were identified in test plants and full-length sequence data were 

generated for each virus. These data represented the first full-length sequence of 

NeLV from a Nerine plant and the first full-length sequence of NeYSV. A 

potexvirus NVX-UK Nerine (MZ643995) was also identified and a full-length 

sequence was generated. This is the first time this novel potexvirus has been 

described. A UK-wide survey was undertaken using primers designed to the full-

length sequence data to elucidate the level of viral infections in UK Nerine plants. 

Infections with NeLV, NeYSV and NVX-UK Nerine (MZ643995) were common and 

single and mixed infections were observed.  

Commercial growers and heritage collections wanted insight into the scale of viral 

infection in their plant stock. The survey opens a discussion on the scale of natural 

infection of UK Nerine by NeLV, NVX-UK Nerine (MZ643995) and NeYSV. 

Primers designed to data generated in this study offer a sensitive and specific 

method of testing for NeYSV, NeLV and NVX-UK Nerine (MZ643995), enabling 

growers to screen for virally infected plants at the species level. This will positively 

contribute to the management of viral infection in collections, inform targeted 

management for sharing plant material and support commercial growers to 

minimise plant pathogens that might affect future trade. This work is important 

because these viruses have been highlighted as problematic pathogens for 

growers in other countries including Australia (Wylie & Jones, 2012), New Zealand 

(Pearson et al., 2009) and Korea (Heo & Choi, 2021). UK growers can now 

understand the scale of infection in UK Nerine and screen for infected plants within 

their collections to target non-infected plants for breeding and propagation. 

Perennial plants, especially those which are commonly vegetatively propagated, 

tend to easily accumulate virus infections over time. Infections present in 

propagation material are then transmitted to progeny and spread (Limbath et al., 

2000, Pearson et al., 2009; Kamitani et al., 2019). Vegetative propagation 

methods and low use of strategic control measures may have contributed to the 

accumulation and spread of viruses infecting Nerine and promoted occurrence of 

multiple infections. The various types of infections and the lack of consistent 
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infection profiles are in line with surveys from Tasmania (Limbath et al., 2000), and 

New Zealand (Pearson et al., 2009). 

Increasingly intensive agriculture and horticulture alongside increases in worldwide 

trade of plant material mean that viruses and vectors are spread into different 

regions across the globe (Jones & Naidu, 2019). The introduction of viruses to 

new hosts and regions can cause problems for crops and ecosystems in the new 

location. Additionally, the trade of fresh produce that contain viruses offers the 

potential for viruses to migrate and establish elsewhere (Wylie et al., 2014b). Wylie 

et al. (2014b) refer to food plants but this is equally applicable to floristry items, 

even if they are not deemed propagation material, they may still harbour viruses. 

Hand in hand with trade agreements has to come biosecurity measures that 

enable markets for the exporters and minimise risk for the importers (Rodoni, 

2009). This requirement for pathogen monitoring is likely to increase. It is 

important to know what viruses are currently in the natural populations of hosts in 

a given region, what is coming in with new plant material, and what may leave with 

plant material. HTS can support this and has been used increasingly in viral 

diagnostics and detection (Gaafar and Ziebell, 2020). For example HTS helped to 

enable the identification and full-genome sequences of NeLV or narcissus 

symptomless virus (synonym of NeLV), narcissus yellow stripe virus (NYSV) and 

narcissus degeneration virus (NDV) in narcissus and Hippeastrum in Australia 

(Wylie & Jones, 2012). Those viruses were not reported in Australia prior to that 

study but are likely to have come with plant material from Asia, Europe and New 

Zealand (Wylie & Jones, 2012). HTS is commonly used with supporting methods 

of PCR, cloning, RACE PCR and Sanger sequencing to validate sequences and 

generate full-length data, for example the UTRs. These methods have been 

employed by quarantine facilities to test bulbs for viruses and have recently 

detected vallota mosaic virus (ValMV) in narcissus entering Japan from the USA 

(Imamura et al., 2021) and nerine latent virus (NeLV) in Hippeastrum from a 

commercial market in Korea (Heo & Choi, 2021). HTS offers rapid and accurate 

diagnosis to support the delivery of plant health measures during virus outbreaks 

(Fox et al., 2019). These methods enable phytosanitary organisations to efficiently 

find multiple viral agents within a sample and to compare sequences to existing 

and historical viral isolates to better understand links, ecology and evolution. This 

information feeds into taxonomy, diagnosis and regulatory elements of plant health 
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including biosecurity investigations and surveillance (Jones et al., 2021). Although 

MinION sequencing has been used successfully in other studies, the data quality 

we obtained was not high enough to give the expected ORFs. Illumina MiSeq is a 

valuable diagnostic tool and reveals many sequences from a single sample when 

using a total RNA/cDNA method. For non-targeted virus screening from plant 

samples, Illumina has an advantage over RT-PCR, which is highly specific to a 

species or restricted to groups, as HTS can identify multiple pathogens from 

different groups in a single assay with no prior knowledge or optimisation (Golyaev 

et al., 2019; Pecman et al., 2017). HTS is considered a comprehensive tool and is 

likely to become a key element in routine pathogen screening (Bester et al., 2021) 

with further validation and standard operating practices for extraction and lab 

practices and validation of bioinformatics analyses (Tamisier et al., 2021). 

Additionally HTS can be used alongside targeted genome sequencing (Maina et 

al., 2021; Espindola et al., 2021), to sequence enriched libraires (multiplex PCR, 

dsRNA, rRNA depleted, TArget-SPecific Reverse Transcript (TASPERT)), which 

can reduce background host sequencing, costs and analysis time.  

The current study used HTS and traditional methods (PCR, RACE PCR, TA 

cloning and Sanger sequencing) to investigate viruses in UK Nerine and has 

identified and confirmed sequence data that are appropriate for designing primers 

to for RT-PCR assays to detect NeLV, NeYSV and a novel NVX-like potexvirus 

(NVX-UK Nerine (MZ643995)) that infects UK Nerine. Using a hybrid method 

which includes MinION, Illumina and Sanger data is also a useful approach for 

identifying plant pathogens and reconstructing their genomes (Filloux et al., 2018).  

The use of HTS also led to partial sequences being identified, which suggested 

the presence of other potential viruses within Nerine. This supports using HTS as 

a suitable approach for identifying plant pathogens.  

7.2 Final comments  

It is clear from experiments outlined in this study that there was no clear link 

between symptoms and virus presence and also no clear symptoms on indicator 

plants. The further analysis of HTS data suggested that Nerine contain a range of 

viruses, which are summarised in Table 7.2.1. 
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Virus Accession Ref 

NeLV MZ643994 This study 

NeYSV MT396083 This study and Beddoe et al. (2020) 

NVX-UK Nerine MZ643995 This study 

Novel potyvirus-like sequence, 

possibly NeVY  

Needs validating This study 

Novel secoviridae-like sequence Needs validating This study 

Novel badnavirus-like sequence Needs validating This study 

Table 7.2.1 Sequences identified in this study.  

 

It is therefore perhaps unsurprising that symptoms and indicator plants were 

unreliable as one is always transferring a mix of viruses, not all of which may be 

mechanically transmitted. Further work is required to validate the other putative 

viruses identified. This work should prove useful to growers, breeders and plant 

health agencies to support the reliable screening of the Nerine viruses identified 

here.  

7.3 What could have been done differently to improve this piece of research? 

If this piece of research was to be undertaken again a number of things could be 

improved or changed including: 

• MiSeq would have been used at the beginning, to generate sequence data 

for multiple Nerine samples. This would have negated the need for MinION, 

which worked well for diagnostic purposes but not for publishable data of 

complete viral genomes. MiSeq data generation at the beginning of the 

project would have saved considerable time, and generated useable data 

from which primer sites could have be identified for PCR and RACE PCR. 

The time and money that would have been saved by not undertaking the 

MinION assays and the long-winded approach to generating full-length 

genomes (performing RACE PCR from the middle of a genome and then 

attempting cloning and primer walking, Sanger sequencing and then RACE 

PCR to determine the 5’ and 3’ ends) prior to Illumina sequencing could 

have been spent on validating the potentially novel viruses (badnavirus-like, 

secoviridae-like and potyvirus-like) that were identified.  

• The dot blot hybridisation assay used in this study did not generate robust 

results, however, qPCR or genome skimming with barcoded MinION or 
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Illumina sequencing could be used as an alternative to PCR, however, PCR 

generated useable data at a reasonable cost for surveying plant material. 

 

7.4 Future work 

This piece of research has answered most of the questions asked at the outset, 

including which viruses were present in the Nerine material collected during the 

project, what were the full-length genomes of the main Nerine viruses and how 

prevalent were the main Nerine viruses in the UK Nerine population. Although 

investigation into the micropropagation of Nerine was undertaken, the goal of 

generating virus-free stock plants was not achieved. Additionally, several 

potentially novel viruses were identified by Illumina sequencing. Accordingly, there 

are several new questions to be addressed that should be considered for future 

work. These include: 

• Validation of the potentially novel Secoviridae virus using PCR with primers 

designed to the MiSeq data in overlapping regions across the genome and 

then identifying the 5’ and 3’ ends. 

• Design primers to the potentially novel potyvirus-like fragment and use 

RACE PCR to attempt to generate longer sequence data for this fragment. 

• Use Illumina MiSeq to generate total RNA/cDNA data for other Nerine 

samples to generate a larger, non-targeted dataset. This data might contain 

additional complete versions of the viruses presented in this research and 

allow comparison. Additionally it may contain data from novel viruses that 

will broaden the understanding of which viruses Nerine host. 

• Undertake the rolling circle amplification assay again and optimise further to 

ascertain whether the identified badnavirus-like sequence results from an 

endogenous viral entity or a cytoplasmic badnavirus.  

• Undertake further micropropagation assays and investigate new 

regeneration techniques with a view to generating virus-free stock for 

micropropagation and commercial production.   
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Appendix 1 NeLV UK Nerine isolate sequence as submitted to GenBank 

MZ643994 

FEATURES             Location/Qualifiers 

     source          1..8303 

                     /organism="Nerine latent virus" 

                     /mol_type="genomic RNA" 

                     /isolate="63" 

                     /isolation_source="Symptomatic leaves" 

                     /host="Nerine bowdenii x sarniensis 'Hera'" 

                     /db_xref="taxon:797075" 

                     /country="United Kingdom" 

                     /collection_date="15-Nov-2019" 

                     /collected_by="N. Beddoe" 

     5'UTR           1..83 

     CDS             84..5699 

                     /codon_start=1 

                     /product="replicase" 

                     /translation="MALTYRSPIEDVITSFTSSEQSLITTKAVSAYKSKEDELFDFFN 

                     YALPIKAKEKLINAGIYLSPYSGMVHSHPVCKTLENYMLYVVTAPLLDQSFFLVSIKK 

                     NKLSLLKRRCKSLETVEYLNRFITSKDRIRYSNDFVGVDAELPSTSYSADERRRNIMF 

                     PRNFQGKSRKLFFHDEIHYWSRKDLIYMLEQFRPECILATLVCPPEILAGSKESLNKW 

                     
CYEYKIEGNKIHYYPDGVHAEGYTQPLDCSFLLKTKKIQLDNGEVYCVDLVHSKFSHH 

                     LISITKGDAITEEIRTFGNFDAVSASHLKPLGRNIGQAFPISINVISKIYRYLRTLQK 

                     PDVQSAIAKLGQLIVDPTGFEIKFIEEFAPLVIETGKMRSILKPELLKIFKADIYKVL 

                     PDFFARMMKETSEVSLDRFIANLESFNFQIKLITLDSKIPIFQQFQEDLLNECAREEI 

                     
ILEQEFDGTRDYLRKQVKAQEDKERAKNLGVKYSLRLDLDFACRIFASLFYKSFSDSN 

                     GRLSRCWSKINRMSEMIKKKNFGFLLTEAMYLDARSKIERRLKSLNVRYGKIYFFENN 

                     
RKWLQEKVYRYNQKYLCDAERGLSTEVKQRYALIVAQIGKEKKFEEHPESEKERGKDK 

                     EKETKEKNFEKVEGNVWNEALKLCEMASLMEEENKGISAETLGIFSEILQGETGKKII 

                     CYQPKKCEKLKEKLFFCTDDLFLGAAVDKFCMYSFCVDTLTDELDDRILLCEEITEES 

                     IGEEKEGVSGAGVLQEVLDLVGEKIAETEPEKPATAESSFLPTNFVTLNSNKEYLHEF 

                     
KIVKTMGDGDCFWQCIGYFLGQDGITIKEHVFSKVTKEQENEEIIRQRGDKVYAEQEA 

                     VALTANVLHLDIKIICPEMPFDIKAMGDDSNMLVTLLLHGGHYDVLLPKEDCAIIAVS 

                     ETLNRRYQDVYKVLNREENSSILREMEEEKGVSLTTFERILKIFSIKGFCIVDKETVL 
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                     LNEGGNFEAYFCIAEGHIEKVKKQKFYDCQKQFPKICSKLTSVISKELEKIADKIPYT 

                     PSSTRAAKLAQSFHEGRTGVLCSEIFNGMRKREVDQIIPKKQDLHVILGTFGSGKSSV 

                     FVKVIKNEGEKSICYVSPRRSLADEFEKRVREDGKRKYKAFVVFTFEQFIKKMTKLRK 

                     GQTVIIDEIQLYPPGYLDLVLIITQHLELTFYITGDPCQSDYDSELDRGFFLGDTTDI 

                     DEVLKGKEYKFNVLSRRFKNKNFQKRLPCKMRNTIIEDDFIILDDMIDFKGADLSYKG 

                     VILVPGFEDKRIFSYNETCKEILTFGESTGRNFSRGCVVITQSSINVSEKRWITALTR 

                     FSDGIALLNLTGENSANLEKIFDGRVLRKFLLQSATLEDFKKMLPGRPIFVEGYGERF 

                     
GKNLYVKEEKVRGDPWLKGMIDLMQDEDYLEPEAMEIIMQNESCKTHVPRSNIEHIRN 

                     
FFLNRFKAKEFRECVYRNNITNQFTDRYEKGDFKRLTNASERFESIYPRHKGDDTATF 

                     
LMAVKKRLRFSKPAQETAKFRAAEPFGEYMLGIFLKHIKLNKNHEPLKMAAAKREFEE 

                     KKTSKSAAVIENHSGRSCRDWLIDLGFLFIKNQLCTKFEKRFADAKAAQTILCFQHEV 

                     LCRFAPYVRYIEKKLNDALPAKYYIHSGKNIDDLNDWVKANNFSGICTESDYEAFDAS 

                     QDHYIMAFEVAVMKYLGLPRDLVNDYIFIKTHLGSKLGSFAIMRFSGEASTFLFNTMS 

                     NMLFTFMKYEINGKESICFAGDDMCASKKLRLSTVHSSYLEKLKLKAKVCFTSRPTFC 

                     GWSLNKLGIFKKPQLVYERMCIAIEKNNLQNCIDNYAIEVSYAYLMGENALVLMDEEE 

                     IHNHYMCVRTIVQNKNLLRSDIYKVFQQA*" 

     CDS             5738..6436 

                     /codon_start=1 

                     /product="triple geneblock protein 1" 

                     /translation="MDIALSLIRERTYCVNNNFRDLIVVNCVPGFGKSTLIREILSKC 

                     RLFRAYTFGIADPNNLTNIRIRSVNDFVDEDGCYNIIDEYTEGDFSVLKPKIIFGDPN 

                     QTGKQVKIECNFIGTETRRFGKSTCDFLNKRGYQITSIEEDSLRIKNIYSAEPIGIII 

                     
AVEEEVKKLLRAHCLEFKDEVSARGETYDEVTFVTSDSQRNDCEYRWKSYIATTRHRK 

                     KLLILSGDASDTSP*" 

     CDS             6414..6761 

                     /codon_start=1 

                     /product="triple geneblock protein 2" 

                     /translation="MPLTPPPDYSTSYFAIATGLGIGLSVFLLTRNTLPHTGDNIHHL 

                     PHGGRYRDGTKKIDYCGPSSKPDFYSNSKNIPFLIVFTIVAVILYLSRDSWNTKKRKI 

                     CLLCSQNCQHPST*" 

     CDS             6728..6928 

                     /codon_start=1 

                     /product="triple geneblock protein 3" 

                     /translation="MFPKLPAPFYLIVSLTSVLTYYLFFTLIPQENKCTVIITGESIK 

                     ILGCVFNEQFIDYAKSLDVLRV*" 
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     CDS             6966..7859 

                     /codon_start=1 

                     /product="coat protein" 

                     /translation="MSTIEKTASPSGSNEERENTRKAFEERLKKRAEEANEEFTGSNS 

                     DEELEERFRKLKEYLLKNMRSKQIGNIGLEIGRPALKPMDEIRPDLTNIFTMPTIDIL 

                     
IKKGWRPSSTAVATAQQLIEISAKLQGLGVPPESIAPMVWDTAMYCASAGSSDKMDPQ 

                     
GTVEFPGGAITRDSVVATIKEYTTLRAFCRAYAPIVWNYMIGTNQPPANWQAKGFSEQ 

                     TKFAAFDTFDYIRNPAAIKPLEGLIRSPTNEEMIANATHRQLAIDRNSRNDRFSNNSL 

                     EVTGGLYGCKTKRTLRNMTCD*" 

     CDS             7861..8268 

                     /codon_start=1 

                     /product="nucleotide binding protein" 

                     /translation="MRTLCYKDTLNTIALCLYRLCVPLDIIYVIQGMVYTNTRTFEVA 

                     
RQSSVAPFSGTSKSAIKRRAMRENRCYKCGKDYHKNKCRSNTTSQQEFVEYFKEGPTR 

                     FNTEKARTNSMIILYHERQLERMEYHINKRPST*" 

     3'UTR           8269..8303 

BASE COUNT     2798 a   1449 c   1773 g   2283 t 

ORIGIN       

        1 gggtatcaac gcagaagtac atgggggata aacataacat ctcaaagtat tctcaagtta 

       61 atcatagatc aaattgagaa cacatggcac tcacatacag gagtccaatt gaagatgtta 

      121 ttacaagctt tacttcatcc gagcagagtc taataaccac taaagctgta agtgcttaca 

      181 aaagtaaaga agatgaattg tttgacttct tcaattatgc tttaccaatt aaagctaagg 

      241 agaaattaat caatgcaggt atttacttaa gcccatacag cggcatggtt cactcgcacc 

      301 cagtgtgcaa gactctagaa aattacatgc tctatgtggt gaccgcacca ctcttggacc 

      361 aaagcttctt tttggtctct attaaaaaga acaagctgag cttgttgaag agacgctgca 

      421 agtctcttga aactgtggaa tatctcaacc gcttcataac cagcaaagac agaattagat 

      481 attccaatga ttttgttggg gttgatgctg aactcccttc aacctcatac agtgctgatg 

      541 aaagaaggag aaacatcatg ttcccaagga atttccaagg gaagtcaaga aaactcttct 

      601 ttcacgatga aatacattac tggtccagaa aagatctgat ttacatgctt gaacaattca 

      661 gaccggaatg tatcctagca acacttgtct gcccaccaga aatcttagct gggtcaaaag 

      721 aatctttaaa caagtggtgc tacgaatata agattgaagg gaacaaaatc cactattatc 

      781 ctgatggagt tcacgctgaa ggctatacac agcccctgga ttgttccttt cttcttaaaa 

      841 ccaagaaaat acagcttgac aacggtgagg tgtattgtgt ggatcttgta cattccaaat 

      901 tctcacacca tctcatctcg attaccaaag gagacgccat aactgaagaa atcagaactt 

      961 ttggtaattt tgatgctgtt tctgcctcac atctgaaacc acttggtagg aacattggtc 
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     1021 aagctttccc tattagtatc aatgtcatta gtaaaattta tagatatctt agaacccttc 

     1081 agaagcctga cgttcagtca gccatagcta aattgggtca acttatagtt gaccctacgg 

     1141 gttttgaaat caaatttatt gaagaattcg ctcctctcgt tatcgaaacc ggtaaaatgc 

     1201 gttcgattct caagcctgaa ctcctcaaaa tttttaaagc tgatatttac aaggttttac 

     1261 ctgatttttt tgctagaatg atgaaagaga caagcgaagt gagcttagat agattcatcg 

     1321 cgaatttgga aagcttcaat tttcaaataa agctcataac gcttgactcc aaaatcccta 

     1381 tttttcagca attccaagag gacttgctta atgagtgcgc aagggaggag atcatcttag 

     1441 agcaagaatt tgatggtact agggattact tgaggaaaca ggtcaaagct caagaagata 

     1501 aggagagggc caaaaactta ggagttaaat atagccttag gttagatcta gattttgctt 

     1561 gtagaatctt tgcttcttta ttttataaaa gtttttctga ttcaaacgga cgcctaagca 

     1621 gatgttggtc aaaaatcaac aggatgagtg agatgattaa gaagaagaat tttggcttct 

     1681 tgctaactga agcaatgtac ctagacgctc ggagcaagat tgagagaaga ttaaagagtc 

     1741 tcaatgtgcg atatggaaaa atttacttct ttgaaaataa taggaaatgg ctacaggaaa 

     1801 aagtttacag atacaatcag aaatatcttt gtgacgctga acgtggcctt tcaacagaag 

     1861 taaaacaaag atacgctctc atcgttgctc aaataggcaa ggagaagaaa tttgaagaac 

     1921 atccagaaag cgagaaagaa agaggaaaag acaaggagaa ggaaacaaaa gaaaaaaact 

     1981 ttgagaaggt cgaagggaac gtatggaatg aagcacttaa actttgcgaa atggcttcct 

     2041 taatggaaga agagaacaaa ggtattagtg ctgaaactct tggaattttc tccgaaattc 

     2101 ttcaaggcga aacaggtaaa aaaatcatct gctatcaacc aaaaaaatgt gaaaagctta 

     2161 aggaaaaact tttcttttgt acagacgatc tttttttagg agctgctgtt gataaatttt 

     2221 gtatgtatag cttttgtgtt gacaccttaa ctgacgagct tgacgacaga atccttttat 

     2281 gcgaggaaat cactgaggaa agcattgggg aagaaaaaga aggggtttct ggagcaggtg 

     2341 tactccagga agttttggat ctggttggag aaaaaatagc agaaacggaa ccagaaaaac 

     2401 ctgcgaccgc agaatcatct ttcctcccaa cgaattttgt aactttgaat agcaacaaag 

     2461 aatacttaca tgaatttaaa atcgttaaaa ccatgggtga cggtgactgt ttttggcagt 

     2521 gcattggtta cttcttgggt caagacggta ttacaattaa agaacatgtc ttttcaaagg 

     2581 ttacaaaaga acaagaaaat gaagaaataa taagacagag aggagacaaa gtttatgccg 

     2641 aacaagaagc tgtagccctc acagctaatg ttttacatct tgatattaag ataatttgcc 

     2701 ccgaaatgcc ttttgatatc aaagcaatgg gggatgacag caatatgctt gttactctcc 

     2761 ttctacatgg tggacactac gatgtattgc tacctaaaga ggattgtgct atcattgcgg 

     2821 tctctgaaac cctcaacaga agatatcaag atgtttacaa ggtgcttaat agagaagaaa 

     2881 actcaagtat tctgagggag atggaagaag agaaaggagt gagcctcaca acttttgaga 

     2941 gaattctaaa aattttttca ataaaaggat tttgtatagt tgataaggaa acagttctac 

     3001 ttaacgaggg cggaaatttc gaagcttatt tttgcattgc tgagggtcat attgaaaaag 

     3061 tgaagaaaca gaaattttac gactgccaga agcagttccc aaaaatttgc tcgaaactca 

     3121 cttctgtaat atctaaagaa ttagagaaga tagctgacaa aataccctac acaccttcaa 

     3181 gtactagagc agccaaactt gctcagagtt ttcatgaggg taggactgga gttctttgtt 
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     3241 cagaaatatt caacgggatg cggaagcggg aagtcgatca aataatcccg aaaaaacaag 

     3301 acttacacgt gattctggga acttttggct ccggaaaaag ctcagttttt gttaaagtta 

     3361 ttaaaaatga gggcgaaaag tcaatatgtt acgtcagccc aagaagaagt ttagctgatg 

     3421 aatttgaaaa gagagttaga gaggacggca aacggaagta caaagctttc gttgtcttca 

     3481 cttttgaaca atttattaaa aaaatgacca aactcagaaa agggcaaaca gtaattatag 

     3541 atgagataca gttataccct cctggttatt tagatctcgt acttatcatc acacaacatt 

     3601 tggagctgac tttctatatc acaggggatc catgccagag tgattatgac agtgaattgg 

     3661 atagaggctt cttccttggc gatacaacgg atatagatga agtactaaaa gggaaggagt 

     3721 acaaattcaa cgtcttaagt aggaggttca agaataagaa ttttcaaaag aggttgcctt 

     3781 gtaagatgag aaacacaatc attgaggatg atttcataat ccttgatgac atgattgatt 

     3841 tcaaaggagc ggacctcagt tataaaggag tcattctggt gcctggcttc gaagataaaa 

     3901 gaatcttttc ttataatgaa acatgcaaag aaatcctgac ttttggtgaa tcgactggac 

     3961 gcaatttctc cagaggttgc gtagttatta cacaaagttc aatcaatgtt tcagagaaaa 

     4021 ggtggataac agccttgact agattttctg atggtatagc tttacttaac ttgacaggtg 

     4081 agaatagtgc taatttggaa aaaatttttg atggtagggt tcttagaaaa ttccttctgc 

     4141 agagtgccac tttggaagat tttaaaaaaa tgctacctgg acgcccaatt tttgttgaag 

     4201 gttatgggga aaggttcggc aagaatcttt atgtaaagga agaaaaagtg aggggtgacc 

     4261 catggctcaa aggtatgata gatctcatgc aggatgaaga ttaccttgag cctgaagcta 

     4321 tggagataat aatgcaaaat gaaagttgca aaacccatgt gcccaggagc aacatagagc 

     4381 acataaggaa cttcttcctt aataggttta aagctaagga atttcgtgaa tgtgtgtaca 

     4441 gaaataacat aactaatcaa ttcaccgata ggtatgagaa gggggacttc aaaagattga 

     4501 caaacgcgag cgaaaggttt gaatcaattt acccgaggca taaaggagat gacactgcaa 

     4561 cctttttgat ggctgttaag aaaagactta gattctccaa accagcacaa gaaactgcaa 

     4621 agttcagagc agctgaacct tttggagagt acatgcttgg tatttttctc aagcatatca 

     4681 aactgaataa aaatcatgaa cccctcaaaa tggcagctgc aaaaagagaa ttcgaggaaa 

     4741 agaagacaag caagagtgcg gccgtgattg aaaatcacag tgggagaagc tgcagagatt 

     4801 ggttgattga tttgggattc ttattcatta aaaatcaact ttgcaccaaa tttgaaaaac 

     4861 gttttgctga tgctaaagca gcccagacaa tactatgctt tcaacatgag gtactttgca 

     4921 gatttgcacc ttatgtacga tacatagaga aaaaacttaa tgatgcttta ccggcaaagt 

     4981 attatatcca cagtggaaag aatattgatg atcttaatga ttgggtcaag gctaacaact 

     5041 tctccgggat ttgcactgaa tctgattatg aagcctttga cgcatcacaa gatcattaca 

     5101 tcatggcttt cgaggtcgct gtaatgaaat acctcggtct tccaagggac ctggtgaatg 

     5161 actacatctt tattaaaacg cacctaggtt ctaaactcgg aagcttcgcc atcatgaggt 

     5221 tttctggaga ggccagcact ttcttgttca acaccatgag taatatgctc ttcacgttca 

     5281 tgaagtatga gataaatgga aaagaatcaa tatgcttcgc aggtgatgat atgtgcgctt 

     5341 ccaaaaaact tcgattgagc acagtgcatt ctagttatct agaaaaattg aagttaaagg 

     5401 ctaaagtgtg tttcacttca agacccactt tctgtggttg gagtctgaat aaactaggca 
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     5461 ttttcaagaa acctcagctt gtatatgaga gaatgtgcat tgcgatagag aagaataatc 

     5521 tgcaaaactg catagataat tatgccatag aagtgtctta tgcatacttg atgggtgaga 

     5581 acgcactggt tctcatggat gaagaagaga tacataatca ttacatgtgt gtgagaacta 

     5641 tagtgcagaa caagaacctc ctgagatctg atatatataa agtcttccaa caagcttagt 

     5701 tataacttta gcttagatta taactttgcg atcgtatatg gatatagctt tgagtttgat 

     5761 tagagaaaga acttactgtg tgaataataa ctttagagac cttattgtgg ttaattgtgt 

     5821 accaggcttt ggcaaatcta cgcttataag agaaatctta tccaagtgta gacttttcag 

     5881 ggcttacact tttggcatag ctgaccccaa taatttgact aacatcagaa tcaggagcgt 

     5941 caacgacttt gtcgatgagg atgggtgcta caacataatc gatgagtaca cagagggcga 

     6001 cttttctgtt ttaaagccaa agataatctt tggtgatccg aaccaaactg gtaagcaggt 

     6061 taaaatcgag tgcaatttca tcggtactga aactagaaga ttcgggaaga gcacttgtga 

     6121 tttcctgaat aagaggggtt atcagatcac ttcaattgag gaagattctt taagaatcaa 

     6181 gaatatatat agcgcggagc ctattgggat tataattgct gtagaggaag aagttaagaa 

     6241 acttcttaga gctcactgtt tggaattcaa agacgaggta agcgcaagag gcgaaacata 

     6301 cgacgaagtg acatttgtaa cttctgattc tcaaagaaat gattgtgagt ataggtggaa 

     6361 atcttacatt gcaaccacga gacacagaaa gaaattatta atcttgagtg gtgatgcctc 

     6421 tgacacctcc ccctgattac tctacttctt actttgctat tgcaacaggc ctggggattg 

     6481 ggctttctgt cttcctgctc acgagaaaca cattacctca cacaggcgac aacatacacc 

     6541 atctcccaca cgggggcaga tatagggacg gaaccaagaa aatagattat tgtggaccaa 

     6601 gtagtaagcc ggatttctac tcgaattcca aaaatattcc gttcctgata gttttcacaa 

     6661 ttgttgccgt gatactgtac ctctctagag attcttggaa cactaagaag agaaagatct 

     6721 gcttgctatg ttcccaaaat tgccagcacc cttctactta atcgtgtctt taaccagtgt 

     6781 tttaacttac tatctgtttt tcactttgat tccgcaagag aataagtgca ccgtcataat 

     6841 tacgggagag tctattaaga tacttggttg tgtgtttaat gaacaattca tagattatgc 

     6901 taagagtttg gatgttctaa gagtttagtg tcctcttagg tttaaaagct tgaatttgat 

     6961 aaagaatgtc aacgattgaa aaaacagctt ctccctcagg aagtaatgaa gagagggaga 

     7021 acaccaggaa agcttttgaa gaaagattga agaaaagggc tgaagaagca aatgaggagt 

     7081 tcactggtag caattctgat gaagagttgg aagaaagatt tcggaagcta aaagagtacc 

     7141 ttttgaagaa catgcgttca aaacagattg gaaatattgg tttggaaatt ggacgtcctg 

     7201 cattgaagcc tatggatgag attaggccgg atttaacgaa tattttcacc atgccgacaa 

     7261 tcgatatcct gatcaaaaaa ggttggagac cttcctcaac cgcagtggcg actgcacagc 

     7321 agctcatcga aatttcagct aaattgcaag gattgggggt cccgcctgaa tcaatagcac 

     7381 caatggtttg ggatacggct atgtattgtg caagtgctgg ttcttcagac aagatggatc 

     7441 ctcaaggcac tgtcgaattc ccaggcggag ctataactcg agactcggtg gtcgccacaa 

     7501 tcaaggaata tactactctg cgagcttttt gccgtgctta cgcacctata gtctggaact 

     7561 acatgattgg gacaaatcaa ccaccagcta attggcaagc taaaggcttc agtgaacaaa 

     7621 caaaatttgc tgcctttgat acttttgatt acataaggaa cccagcagca attaaacccc 
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     7681 tcgaaggctt aatacgatca cctaccaatg aggagatgat agctaacgcc acgcataggc 

     7741 aacttgcaat cgataggaac tcgagaaatg atcgcttttc gaacaactct cttgaagtga 

     7801 ctggtgggct gtatggttgc aaaacgaaga gaactttaag aaacatgacc tgtgattaag 

     7861 atgaggactt tgtgttacaa agacacttta aatactatag ctttatgttt gtaccgtttg 

     7921 tgtgttcccc tggacatcat atatgttatt cagggtatgg tttatactaa tactagaacg 

     7981 tttgaagtag caagacaatc aagtgtggct cctttttctg gaacttctaa gagtgctatt 

     8041 aaaagaagag ccatgcgaga gaatcgttgc tacaagtgtg gtaaggatta ccataaaaat 

     8101 aaatgcagat ccaatactac aagtcagcaa gaatttgtag agtatttcaa ggagggcccg 

     8161 actaggttca acaccgaaaa agcccggacc aacagcatga taatacttta ccatgaaagg 

     8221 caacttgaac gtatggaata tcatataaat aaaagacctt caacctaatg aaaggcctag 

     8281 tttggtttta tcgataattt acc 

// 
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Appendix 2 NeYSV UK Nerine isolate sequence as submitted to GenBank 

MT396083                

LOCUS       MT396083               10165 bp    RNA     linear   VRL 03-OCT-2020 
DEFINITION  Nerine yellow stripe virus isolate 63, complete genome. 
ACCESSION   MT396083 
VERSION     MT396083.1 
KEYWORDS    . 
SOURCE      Nerine yellow stripe virus 
  ORGANISM  Nerine yellow stripe virus 
            Viruses; Riboviria; Orthornavirae; Pisuviricota; Stelpaviricetes; 
            Patatavirales; Potyviridae; Potyvirus. 
REFERENCE   1  (bases 1 to 10165) 
  AUTHORS   Beddoe,N., Adams,I.P., McGreig,S. and Forsyth,A. 
  TITLE     Identification and full genomic sequence of nerine yellow stripe 
            virus 
  JOURNAL   Arch. Virol. (2020) 
   PUBMED   32886214 
REFERENCE   2  (bases 1 to 10165) 
  AUTHORS   Beddoe,N., Adams,I.P., McGreig,S. and Forsyth,A. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (28-APR-2020) Natural and Applied Sciences, Canterbury 
            Christ Church University, North Holmes Road, Canterbury, Kent CT1 
            1QU, United Kingdom 
COMMENT     ##Assembly-Data-START## 
            Assembly Method       :: Trinity v. 2.8.4 
            Sequencing Technology :: Illumina 
            ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..10165 
                     /organism="Nerine yellow stripe virus" 
                     /mol_type="genomic RNA" 
                     /isolate="63" 
                     /isolation_source="symptomatic leaves" 
                     /host="Nerine bowdenii x sarniensis 'Hera'" 
                     /db_xref="taxon:424679" 
                     /country="United Kingdom" 
                     /collection_date="15-Nov-2019" 
                     /collected_by="N. Beddoe" 
     CDS             107..9991 
                     /codon_start=1 
                     /product="polyprotein" 
                     /protein_id="QOD42425.1" 
                     /translation="MSNPHLRVLAAKRRGIEFDLEDEVYWCPRCGEVFNGLQEVDEEH 
                     RHGCKVVLPTLADYLPQTYHTPIPDDLDLSEFMETKEEEVEVKTPEIKPEVWNFTISA 
                     
SGEFAFHQVDAPAPIKEWTLPEGVVLPATPIDPRGTYGRIEKPEEKPAPQNFKRVVRK 
                     
TQISKTEPKKNHCQEQVVKKVVPYKQVWRKKQEKENLTVENMFTNCDEVVITQNQQKA 
                     
WDLEPNVFQTMCKYISFTKDGVRVVKKGWERFKPLLGKFVYMYTRRMKGKVHSQIKDE 
                     
AFLKEGLQVVTSILTVDQPVRQMDEMPKYVWGPTPKQPRKPKKIQKPVKCEVDKLIQQ 
                     
LAKLVAKSSVALEIVGNKRSHTTKLRGVRLNSQARLKVETRHCRGKYLPRDLIMDKNE 
                     KETMDVIGHLYSNCKHIESYDVAKGMSGYVLSTRETINAYHYIPSSYFIVRGRYGGNL 
                     
VDSRIKMPYEKIIQMEHYSNTAQKFWEGFSGTFMENRKRKSHECQTFLDVKRCGEVAA 
                     LLTIIYAQCGKITCKDCVHEITEATNSEYVHRVNDEIMRLRPVINEKYREFEHVIRFL 
                     DMSQSLCHNYMCLNYESFAEIQRLIGDRKDAPFSHILAINEGLIRMPTMEDSGTSDLT 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=424679
https://www.ncbi.nlm.nih.gov/pubmed/32886214
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=424679
https://www.ncbi.nlm.nih.gov/nuccore/MT396083.1?from=107&to=9991
https://www.ncbi.nlm.nih.gov/protein/1910513881
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DHLLQIARWHKNRTEHIQEGKLESFRNKISAKAHVNSVLLCDNQLDKNGNFVWGLRGR 
                     
AAGRFFKNYFEVVNTAGDYSQYKQRALPNGTRQLAIGHLVMPTDLAQLRKQLKGIQVE 
                     
QPAVSMSCTSKLSGQFVYPCCCVTFDNGAAVESDFKAPTKHHLVLGNTGDAKYVDLPQ 
                     
GKEHDMFIPKNGYCHILIFLAMLVNVGEDSAKEFTKLVRDIVMPKLGLWPKMVDVATA 
                     CHFVSVIYPDTRSAELPRILVDHAHKAFHVIDSYGSISTGYHILKANTISQLISFASD 
                     
ELQSEMKEYIVGGIVDSPNYEVGESSSVSQLQRNVALKKRVFTAKDDVKSDDFDDSSS 
                     RGNQSYKFSVDITWKHLKLLIRGIHRPNMMKQILEDEPYLLLLSLLSPNILKALYGSG 
                     
SLTVAMKKWVQVDINLAYMMTLLDDMAKQVLLSDNFFEQMCILERGTQSVFDKLSNKR 
                     
ALCHSYGVAFSTLSLMLNRIATNKDLEDAGFYAGDSRMAQFMEKNYMEELAISWSELS 
                     LLGKLRATWFSFERKRFGANLAEKHAKNRGDFQTIWSFYITQSFVVLYIACTIIRQRF 
                     MSGSRSLMIKCRQSLLNLPVYMFQNLMPFFIKHLSTIVVLSVLISFITSLVSLVKEYK 
                     
QYKIIVAQQEYHKLEKRLWKYFDSEMETPRSCVVGKNNKTHRNIVDNMPSDLRKHYES 
                     EWLGTEVQYQHKVPEERKLEQIIAIMALAAMMFSPGRSDCVFKLLSKVKTIFSTVEDN 
                     VVHQSLDTVNDIIEAKQETIDFELESNTQYVESPFDATFEKWWENQLHCSNTIPHYRT 
                     
GGFFMEFKRDWASKFCSDIVDSVETEFLIRGQVGSGKSTNIPYYLSNKGRVLVIEPTR 
                     
PLAENVSAQLRQNPFFASPSLFMRNVHVGGSSQIDVMTSGFALHSLANRRENIVNYAY 
                     IMFDECHVLDSSAMAFYCLLKEVQYQGKILKVSATPPGRECEFKTQFPVEIKIESSVT 
                     
FQQFVSAQGSGANMDMIKEGDNILIYVASYNDVDQLSKLLHERNFIVTKVDGRTMKGG 
                     KTEIITRGTSERKHFIVATNIIENGVTLDIDVVVDFGIKVMAELDSDLRKMSYQKVSI 
                     
SYGERIQRLGRVGRHKKGVALRIGHTEMGLMDIPVSVATDAAFLSFAYSLPVMTHNVS 
                     TSLLGRCTKRQALTALQFELPSFAIVPMVAPNGMMHPEIHEHLKPYKLRTSKIELHEF 
                     
AFQVGHASQWFSAYEYSKMGVNTNCELSTKMPFYTRDIPDKLYERLWQVVAQIKQSGQ 
                     RVRLSTHNASKIAYTLRTDPAAIQTTVAFIDELLKEEALKQSYMQALSLQSATSSNFS 
                     
LYSLVNAVKARYAVDHTSSNIEKLQRRKSKLLEFENLTKTGQYDEAIRDYPEMETVYH 
                     
QTKQGVSEAIGLKGRWNESLVTRDLTVCGIVLAGGIWMAYEHFSSKVKEDVSFEAKRK 
                     
MSKGQRATYDANRNKRMALYNEVVDSLPQERSDFGLEGDFDDLFKSYGRKKGKANRDG 
                     EEYVKSRKFYHIYGFDPSDYKIVRFVDPLTGATIDKHPLADISDVQEYFSKVRLQQLA 
                     
DDILESQHLSLNTTIHAYFLRGATKTALKVDLTPHDPMRVCNNNASVAGFKDKERVLR 
                     QTGSGKEIPYESVPSLINQVHHESKSIHRGVRDYNPIATMICHLTNDSEGIRSELYGI 
                     GFGSYIITNRHLFRKNNGTLKVKTHHGEFTVVNTTQLLMAPVEETDIVLVRMPKDFPP 
                     
MAQKLKFRAPKDEDRVSLVGSNFQTKSITSTVSESSSVKSILGCGFWQHWISTEDGQC 
                     
GLPLVSLKDGAIVGIHSLSSTTSMKNFLAPFSDDFVEKYLVTQASVKWTKQWKYNADG 
                     
VCWGPLNILENQPSGLFKTSKLISDLVAETVYEQNKTDGWLRNCVEGNLTPVAKCPGN 
                     
LVVKHVVKGPCPLFQLYLTTNMEAEEFFRPMMGFYGKSRLNRQAFIKDFMKYSTPIQI 
                     GAVDINTYERSLANSITMIEKAGIQRCEFVTDTTAIFDSLNMKAAVGALYQGKKRDYF 
                     QNFSEDMRDQIILESCRRVYKGQMGVWNGSLKAEIRPIEKISLNKTRTFTAAPIDTLL 
                     
GGKVCVDDFNNQFYDAHIQGPWTVGMTKFFCGWDKLYKALPENWVYCDADGSQFDSSL 
                     TPFLLNSVLRIRQHFMEDWGLGKKMLENYYTEIIYTPIATPDGSIIKKHKGNNSGQPS 
                     TVVDNTLMVVIAMQYSLLLNGIELEQQDSVCKYFANGDDLLIAIEPTYATRLYDSFEC 
                     NFKQLGLNYDFSNRVLNKEELVFMSHKGVLVDDLYIPKLERERIVSILEWDKSSEPEQ 
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                     RLEAICASMIEAWGYKDLLHEIRKFYAWVLEQAPYSELARNGKAPYLAETALRHLYTN 
                     SETKNEEILNYIEAFQSDISFDEEMVDVIFQSQETINAGTELARAQQAQTPVTPSQDV 
                     
NVGTSGQTALIQSKMFSKKLRVMKAKGKTTLNLEHLLHYKPIQEDLFNTKSSQQQFDN 
                     
WHMKVQEAYDVDDKQMEILMNGLIVWCIENGTSSELKGTWRIDFGDQQVEYDIQPLIQ 
                     
HSQPTFRQIMRHFSKIAEAYIAMRNQEERYMPRYALQRGLTDISLARYGFDFFDTTAA 
                     
TPQRAREAVMQMKAAAVRGKETRLFSLDGNISVNTENTERHTVEDVTQDMHSLLGVRG 
                     IK" 
     mat_peptide     107..1510 
                     /product="P1" 
     mat_peptide     1511..2884 
                     /product="HC-Pro" 
     mat_peptide     2885..4099 
                     /product="P3" 
     mat_peptide     4100..4252 
                     /product="6K1" 
     mat_peptide     4253..6157 
                     /product="CI" 
     mat_peptide     6158..6316 
                     /product="6K2" 
     mat_peptide     6317..6919 
                     /product="VPg" 
     mat_peptide     6920..7648 
                     /product="Nia-Pro" 
     mat_peptide     7649..9205 
                     /product="Nib" 
     mat_peptide     9206..9988 
                     /product="CP" 
     misc_feature    3494..3751 
                     /note="similar to PIPO" 
ORIGIN       
        1 acatgggaaa ttaaaacgac ccgattgaac ttgaacaata caacaaacca agcaaatctt 
       61 ctttttgact tttactcatt tcgaattaaa atctttcaac aacaacatgt cgaacccaca 
      121 tctgcgagtt ttggctgcaa agcgtcgtgg aattgagttt gatcttgagg atgaagttta 
      181 ctggtgccca cgctgtgggg aagtgttcaa cggcctacag gaggtcgatg aggagcacag 
      241 gcatggatgt aaggttgtgt taccaacact tgctgattat ctgcctcaga cataccacac 
      301 tccaattcct gatgacctag atctcagtga attcatggag actaaagaag aggaagttga 
      361 ggttaaaaca ccagaaataa aaccagaggt gtggaacttc acaattagtg caagtggtga 
      421 gtttgccttc catcaggttg atgcacctgc acccattaag gagtggacat taccagaagg 
      481 ggttgtgctg ccagcaactc caatcgatcc acgtgggaca tatgggagaa ttgagaaacc 
      541 ggaggagaag ccagcacctc agaattttaa gagggtagtc aggaagaccc aaatatccaa 
      601 aactgaacca aagaaaaatc actgccaaga gcaggtggta aagaaagtgg tgccttacaa 
      661 gcaagtttgg aggaagaaac aggaaaagga aaatctaact gttgagaaca tgttcacaaa 
      721 ttgtgatgaa gtcgttatca cacaaaacca acaaaaagca tgggatttag aaccaaatgt 
      781 atttcaaacc atgtgcaaat acatctcatt caccaaggat ggagtgagag ttgttaagaa 
      841 gggttgggaa agattcaagc cgctgcttgg aaaatttgtc tacatgtaca cacggaggat 
      901 gaaagggaag gttcactctc agattaagga tgaagcattc cttaaagagg gtctgcaggt 
      961 tgtcacttca attttgacag tggatcaacc agtgcggcaa atggatgaaa tgccaaaata 
     1021 tgtctgggga ccaacaccaa aacaacccag gaagcctaag aaaattcaga aacctgtcaa 
     1081 gtgtgaggtt gataaattaa ttcaacaact agctaaactg gtcgcaaaat cttcagttgc 
     1141 acttgagatt gtgggaaata agcgttcaca cacaacaaaa cttagaggag tgcgcttaaa 
     1201 ctcacaagct cgactcaaag tcgaaacgcg acactgcaga ggaaaatatc taccacgaga 
     1261 tttaatcatg gataaaaatg agaaagagac gatggatgtc attgggcatt tgtactcgaa 
     1321 ttgtaagcac attgaatctt acgatgtggc gaagggaatg agcggatatg ttttaagtac 
     1381 acgagaaaca attaatgcat atcattacat cccaagtagc tattttattg ttagaggacg 
     1441 ctatggtggg aatcttgtgg actcgcgcat caaaatgcca tatgaaaaga taattcaaat 
     1501 ggagcattat tcaaacacag cacaaaaatt ttgggaaggt tttagtggca ctttcatgga 
     1561 aaatcgaaag aggaaatctc atgaatgcca aaccttcttg gacgtcaaaa gatgtggtga 
     1621 agtggctgct ttgttaacaa tcatatatgc tcaatgtggg aaaataacat gcaaagactg 

https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=1&to=468
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=469&to=926
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=927&to=1331
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=1332&to=1382
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=1383&to=2017
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=2018&to=2070
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=2071&to=2271
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=2272&to=2514
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=2515&to=3033
https://www.ncbi.nlm.nih.gov/protein/QOD42425.1?from=3034&to=3294
https://www.ncbi.nlm.nih.gov/nuccore/MT396083.1?from=3494&to=3751
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     1681 tgttcatgaa ataactgagg cgacaaattc ggaatatgta catcgtgtga atgatgaaat 
     1741 catgcgatta cgacctgtta ttaatgagaa gtatagagaa ttcgagcatg ttataaggtt 
     1801 tttggacatg agccaatctc tttgtcacaa ttacatgtgc ttaaactatg agtcatttgc 
     1861 agaaattcag agattgattg gagatcgaaa ggatgctcct tttagccata tcttagcgat 
     1921 taatgaaggt ttgattagaa tgccaacaat ggaagacagt ggaacatcgg atctcacaga 
     1981 tcacttgttg caaattgcac gttggcataa aaatcgaact gagcatattc aagaaggcaa 
     2041 actggaatcg tttcggaata agatatcagc aaaagctcat gttaatagtg tacttttgtg 
     2101 tgataatcaa ttggataaaa atggcaactt cgtctggggt cttagaggga gagcagctgg 
     2161 gagattcttt aagaattatt tcgaggtagt caacacagct ggagattact ctcaatacaa 
     2221 acaaagggct ttaccgaacg gaactagaca gttggcgatt ggacatttgg ttatgccgac 
     2281 ggatttagct caacttcgaa agcagctgaa gggtattcaa gtggaacagc cagctgttag 
     2341 tatgagttgc acaagtaagt tgtcaggtca atttgtctac ccgtgctgtt gtgtaacatt 
     2401 tgataatggg gcagcagttg aatccgattt taaagcacca acaaaacatc atcttgtgct 
     2461 aggaaatact ggagatgcaa aatatgttga tttaccacaa gggaaagaac atgatatgtt 
     2521 tattcctaaa aatggttatt gtcacatatt aatattttta gcaatgcttg ttaatgttgg 
     2581 tgaggatagt gcaaaagaat ttacaaaatt ggtgcgagac attgtcatgc caaaactagg 
     2641 attgtggcct aaaatggttg atgttgcaac tgcatgtcac ttcgtttcag tcatatatcc 
     2701 agatacaaga agtgccgagc ttcctcgtat ccttgttgac cacgcacaca aggctttcca 
     2761 tgtgattgat tcgtatggtt caatttcaac tggatatcat attctcaagg ctaatacaat 
     2821 ctctcaatta attagctttg caagtgacga attgcaatca gaaatgaagg agtacattgt 
     2881 gggcgggatt gttgactcac ctaattacga agttggggaa tcttcaagtg ttagtcaatt 
     2941 gcaaaggaat gtagctttga aaaagagagt tttcacggca aaggatgacg tcaaaagtga 
     3001 tgattttgac gattctagct caagagggaa tcaaagttac aaatttagcg ttgacataac 
     3061 atggaagcat cttaaacttt taattagagg tattcatagg ccaaatatga tgaaacaaat 
     3121 tcttgaggat gagccatatc tgttactatt gagcttgcta tcgccaaaca ttttaaaagc 
     3181 tctttatggt agtggttctt tgactgtggc tatgaagaag tgggtacagg ttgacatcaa 
     3241 cttggcgtat atgatgacac ttcttgacga catggcaaag caagttcttt tgtctgataa 
     3301 cttctttgaa caaatgtgca tactggagcg tgggactcaa tccgttttcg acaagttaag 
     3361 caataaaaga gctctttgcc attcatatgg tgtcgccttt tccacactta gcttgatgct 
     3421 aaatagaatt gcaaccaata aagatcttga agatgcagga ttttacgcag gggacagtag 
     3481 gatggcacaa tttatggaaa aaaattacat ggaagagtta gccatttctt ggagcgagct 
     3541 ttcattactt ggcaaattgc gcgcaacatg gttttcattc gaacgaaaaa gatttggtgc 
     3601 aaatttagca gaaaagcatg caaagaacag aggcgatttt cagacaatat ggagcttcta 
     3661 cataactcaa tcttttgttg ttctgtacat agcttgcaca ataattcggc agcgttttat 
     3721 gagtggctcc aggtcactaa tgatcaagtg taggcaatct ttgttgaatt tacctgtata 
     3781 tatgtttcag aatttgatgc ctttctttat taaacacctt agtacaatag tagtgttgag 
     3841 tgtgttaatt tcttttatca cgagtcttgt ttctttggtc aaggagtata agcaatacaa 
     3901 gatcatcgtt gcccaacagg agtatcataa acttgagaag agattgtgga aatactttga 
     3961 ttcagagatg gaaactccac ggagttgcgt agttgggaaa aataacaaaa cgcacaggaa 
     4021 cattgtggat aacatgccga gtgatctaag aaagcattac gagagtgagt ggcttgggac 
     4081 agaagtgcag tatcaacaca aagtaccgga ggaaaggaaa ttagagcaaa tcattgcaat 
     4141 catggctctt gctgcgatga tgttttcacc agggcgaagt gactgtgtgt ttaaattact 
     4201 gtccaaagta aaaactatat ttagcactgt tgaggacaat gttgtacatc agtcgttgga 
     4261 cactgtgaat gacattattg aagccaagca ggaaaccatt gatttcgagc ttgaatcaaa 
     4321 cacacaatat gttgaaagtc catttgacgc aacttttgaa aaatggtggg agaatcagct 
     4381 acactgttca aatacgattc cacactatcg aactggtggt ttctttatgg agttcaaacg 
     4441 agactgggcg tcgaaattct gtagtgatat tgttgactca gttgagacgg aatttctaat 
     4501 cagaggccag gttgggtcag gaaaatcaac aaacatacct tattatcttt ccaataaagg 
     4561 gcgtgtttta gtgattgaac caacaagacc tttggcagaa aatgtaagtg ctcaattgcg 
     4621 gcaaaatcct ttcttcgctt caccgtctct gtttatgaga aatgtgcatg ttggtggaag 
     4681 ctcacaaatc gatgtcatga ctagcggctt tgctttgcat tcacttgcta atagacgaga 
     4741 aaacattgtg aattatgcat atatcatgtt cgatgaatgt catgtacttg atagtagtgc 
     4801 tatggctttt tattgtttgt tgaaggaagt gcaatatcaa ggaaaaattt tgaaggtatc 
     4861 agcaactcca ccaggacgcg agtgtgaatt caaaactcaa tttcctgttg agattaagat 
     4921 tgaatcatct gtaacctttc aacaatttgt aagcgcacaa ggatctggag ctaacatgga 
     4981 catgatcaaa gaaggtgaca atatcttaat ttatgtagct agttacaatg acgttgatca 
     5041 gttgagcaag cttttgcatg aaagaaattt cattgttacc aaggttgatg gaaggacaat 
     5101 gaaaggggga aaaacagaaa taataacaag gggcacttct gaacgtaagc acttcattgt 
     5161 agctacaaac ataattgaga acggagttac cttagacatt gacgtggttg ttgactttgg 
     5221 aatcaaagtc atggcagaac tggatagtga ccttcggaaa atgtcatatc agaaggtgag 
     5281 cattagttat ggtgagcgca ttcaaaggct tggacgggtt ggtcggcata agaaaggtgt 
     5341 tgctttgagg attggacaca cagaaatggg tctaatggac ataccagtga gtgtggctac 
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     5401 tgacgcagct tttcttagct ttgcttattc acttccagtg atgacgcaca atgtttcgac 
     5461 tagcttactt gggcgttgca cgaagagaca agctctcaca gctttacaat ttgaactccc 
     5521 aagttttgca atagttccta tggtagcgcc aaatggaatg atgcatcctg aaattcacga 
     5581 acatctgaaa ccttacaagc ttcgaacctc aaaaatagaa ctgcatgagt ttgcctttca 
     5641 agttggtcat gctagccagt ggttctcagc atacgagtat tcaaagatgg gagtgaacac 
     5701 aaattgtgaa ttatctacga aaatgccatt ctatacaaga gatattccag ataaactata 
     5761 tgagcgtttg tggcaagttg ttgcacagat aaaacaatca ggacagcgtg ttaggttatc 
     5821 aacgcacaat gcaagtaaaa ttgcatacac gttgagaact gacccagcag caattcaaac 
     5881 aactgtagcc ttcattgatg aactgcttaa agaggaagct ttgaaacaat cgtatatgca 
     5941 agcactcagc ttgcaatcag caacatcatc aaatttctct ctatatagtc tggtgaacgc 
     6001 agttaaggct cgatacgctg tggaccacac atcatcaaat attgagaagc ttcaaaggag 
     6061 gaaaagtaaa ttgcttgaat ttgaaaactt gactaaaact ggacaatatg atgaagcaat 
     6121 tcgagactat cctgaaatgg aaacagtcta tcatcaaaca aagcaaggtg tgtcggaagc 
     6181 aattggtctt aaaggtagat ggaatgaatc attagtcaca cgggatctaa cagtgtgtgg 
     6241 aatcgtgttg gctggtggta tctggatggc gtatgagcat ttttcatcaa aagtaaaaga 
     6301 ggacgtcagc tttgaagcca agaggaaaat gagcaaaggg cagcgagcca cctatgatgc 
     6361 gaatagaaat aagagaatgg ctctgtacaa tgaggttgtt gatagtttgc cacaagagcg 
     6421 gtcagatttt ggattagaag gtgattttga tgaccttttc aaatcatatg gtagaaagaa 
     6481 aggaaaagct aatcgtgacg gtgaggaata tgtaaaatca cggaaattct accacatata 
     6541 tgggtttgat ccctctgatt acaagatagt tcgttttgtg gatccattaa ctggagcaac 
     6601 aattgataag catccattag cggatatttc agatgtccag gagtattttt caaaagtgcg 
     6661 tcttcaacaa cttgctgacg atattttaga atcacaacac ttgagcttga acacgacaat 
     6721 acatgcgtat ttcttgagag gagcaacaaa aactgcattg aaagttgatt taacaccgca 
     6781 tgatccaatg cgagtgtgta acaataacgc atcagtggca ggatttaagg ataaggagag 
     6841 agtcttgaga caaactggga gtggcaagga gataccatat gaatcagtgc cttcattgat 
     6901 aaaccaggtg caccatgaga gtaaatcaat tcatagaggc gtacgagact ataatccaat 
     6961 tgccactatg atttgtcatt tgacaaatga ttcggaggga attcgatcag aattatacgg 
     7021 aattggattt ggaagctaca tcataacgaa tcgccattta tttaggaaaa ataatggaac 
     7081 gctcaaggtc aaaacacacc atggagaatt tactgtggtc aacacaacac agttgttgat 
     7141 ggcaccagtt gaagagaccg acattgtttt agtgcgaatg cctaaagact tcccgccaat 
     7201 ggctcaaaaa ctcaaattca gagcgccgaa agatgaagat cgtgtctcgc ttgttggatc 
     7261 aaattttcaa acaaaatcga ttacgagcac agtttctgaa agtagctcag tcaagagtat 
     7321 ccttggttgt ggcttttggc agcactggat atcaacagag gatggccagt gtggtttacc 
     7381 attagtcagc ctcaaagatg gagccattgt tggcatacac agcctatcgt ctaccacaag 
     7441 catgaagaat ttcttggctc ctttttcgga tgatttcgtt gagaaatatt tagtaaccca 
     7501 agcttcagta aagtggacta aacaatggaa atacaatgct gatggtgttt gttggggccc 
     7561 tttaaacata ttagagaatc agcctagtgg tttatttaaa acttcaaagc tcataagtga 
     7621 tctagtagca gaaactgtgt atgagcaaaa taaaacagat ggctggcttc gaaattgtgt 
     7681 tgaagggaat ctaacaccag ttgcaaagtg tccaggaaat ttagttgtca agcatgtggt 
     7741 gaagggacca tgccctctgt tccaattgta tctaacaaca aacatggaag cggaggaatt 
     7801 tttcaggccg atgatggggt tttatggcaa atcacgtctc aatcgtcaag ctttcattaa 
     7861 agactttatg aagtattcaa cacccattca gattggcgct gttgacatta acacatatga 
     7921 gcggagctta gcaaactcaa tcacgatgat tgagaaagcg gggattcaaa ggtgtgaatt 
     7981 tgtcacagac acaactgcaa ttttcgatag tctgaatatg aaagcagcgg ttggtgcttt 
     8041 atatcaagga aagaaacgcg actattttca aaatttctca gaggatatga gggatcagat 
     8101 aatacttgaa agttgtaggc gcgtttataa aggacagatg ggcgtgtgga atgggtccct 
     8161 taaagcagaa atcagaccga tagagaagat atcactgaac aaaacgcgga cgttcacggc 
     8221 agctccaata gacacacttc ttggtggaaa ggtttgcgta gatgatttta acaatcaatt 
     8281 ttatgacgca catatccaag ggccatggac agttggaatg acaaagttct tttgtggatg 
     8341 ggataagttg tataaagctt tacctgaaaa ctgggtttat tgcgatgctg atggttctca 
     8401 gtttgatagt tctttaacgc cattcctgct taatagtgtc ctacgcataa ggcagcattt 
     8461 tatggaggat tggggcttag gcaagaaaat gttggaaaac tattacactg agattatata 
     8521 tactccaata gctacaccag acggatctat aattaagaaa cacaaaggca ataatagtgg 
     8581 ccaaccttca acggtagttg ataacacact tatggttgtt atagctatgc agtattctct 
     8641 actgttgaat ggtattgagt tggaacaaca agactctgtt tgtaaatatt ttgccaatgg 
     8701 tgatgatttg ctcatagcca tagaaccaac atacgcaact agattgtatg atagttttga 
     8761 gtgtaatttc aaacagttag gtttgaatta tgatttttca aatagagttt taaataaaga 
     8821 ggagttggtt ttcatgtctc acaaaggggt attagttgat gacttgtata taccaaagct 
     8881 tgagcgcgag cgaattgtct caattcttga atgggataaa agttcagaac ctgaacaacg 
     8941 actggaagcc atttgtgctt ccatgattga ggcatgggga tataaggatt tgttgcacga 
     9001 aatcaggaaa ttctatgctt gggttcttga acaggcccca tactctgagc tggcacgtaa 
     9061 tggaaaggca ccttatttgg ctgaaacagc tctaaggcat ttatatacaa attctgagac 
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     9121 aaagaatgag gagatattaa actacattga ggctttccaa tctgacatta gttttgacga 
     9181 ggaaatggtc gatgtgattt ttcaatctca agaaactatt aatgccggaa ctgaattagc 
     9241 tagagcacag caagcacaaa caccagtgac tccaagccag gatgtgaatg tgggaacttc 
     9301 cggacagact gcactaatac aatcaaagat gttttcaaag aaactgcgag tcatgaaagc 
     9361 taaagggaaa acaacactta atcttgaaca tctcttgcat tataaaccaa ttcaagaaga 
     9421 cttgttcaac acaaaatcta gtcaacagca atttgacaat tggcacatga aagtgcaaga 
     9481 agcatatgat gttgacgaca agcaaatgga gattcttatg aatggattga ttgtttggtg 
     9541 tattgaaaat ggaacttctt ctgaactgaa aggaacatgg aggatagatt ttggagatca 
     9601 gcaagtcgaa tatgatattc aacctttgat acaacacagt cagccaactt ttcgccaaat 
     9661 aatgagacat tttagtaaga tagctgaagc gtatatagct atgcgaaacc aagaagaacg 
     9721 ctatatgcca agatatgcgc ttcagagggg cctcactgat attagtctag cacgatatgg 
     9781 ttttgatttc tttgacacaa cagcagctac tccgcaacgg gcacgggagg ccgttatgca 
     9841 aatgaaagca gctgctgtgc gtgggaagga aacaaggtta ttttcacttg atggcaatat 
     9901 tagtgtaaac acagaaaaca ctgagcgaca cactgttgag gatgtcactc aggatatgca 
     9961 ctcacttctt ggtgtgaggg gtataaagtg agtaagtggg gagcttcttg tatcttatag 
    10021 ataaattaag gttttatttt atctatctgt atccaggaat cctgtagagt tggctacccg 
    10081 tgtgattttg tcggttgaag tgtgattgta tcacctcaaa caacggattc aattacacat 
    10141 tcggtaggga attctataag gagac 
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Appendix 3 Complete version of the partial phylogenetic tree comparing 

NeYSV against 137 other full-length potyvirus nucleotide sequences  

 

 
Nucleotide tree 
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Nucleotide tree continued 
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Nucleotide tree continued 
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Complete version of the phylogenetic tree comparing the potyvirus 
polyprotein sequences. Nucleotide accession names and numbers are 
shown in the following table.

 
Polyprotein tree  
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Polyprotein tree continued…Fig.4.3.2.3 Complete version of phylogenetic tree showing NeYSV 
polyprotein sequence clustered with hippeastrum mosaic virus (YP_006382256.1). 
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Virus name NT accession 

African eggplant mosaic virus NC_043537.1 

agropyron mosaic virus (soybean mosaic virus) NC_005903.1 

Algerian watermelon mosaic virus NC_010736.1 

apium virus Y NC_014905.1 

arracacha mottle virus NC_018176.1 

asparagus virus 1 NC_025821.1 

banana bract mosaic virus NC_009745.1 

barbacena virus Y NC_030847.1 

basella rugose mosaic virus NC_009741.1 

bean common mosaic necrosis virus NC_004047.1 

bean common mosaic virus NC_003397.1 

bean yellow mosaic virus NC_003492.1 

beet mosaic virus NC_005304.1 

begonia flower breaking virus NC_055601.1 

bidens mosaic virus NC_023014.1 

bidens mottle virus NC_014325.1 

blue squill virus A NC_019415.1 

brugmansia mosaic virus NC_020105.1 

brugmansia suaveolens mottle virus NC_014536.1 

calla lily latent virus EF105299.1 

callistephus mottle virus NC_030794.1 

canna yellow streak virus NC_013261.1 

carrot thin leaf virus NC_025254.1 

catharanthus mosaic virus NC_027210.1 

celery mosaic virus NC_015393.1 

chilli ringspot virus NC_016044.1 

chilli veinal mottle virus NC_005778.1 

clover yellow vein virus NC_003536.1 

cocksfoot streak virus NC_003742.1 

Colombian datura virus NC_020072.1 

costus stripe mosaic virus NC_055568.1  

cowpea aphid-borne mosaic virus NC_004013.1 

cucurbit vein banding virus NC_035134.1 

cyrtanthus elatus virus A (vallota speciosa virus) NC_017977.1 

daphne mosaic virus NC_008028.1 

daphne virus Y NC_038984.1 

dasheen mosaic virus NC_003537.1 

dioscorea mosaic virus  NC_055506.1 

donkey orchid virus A NC_021197.1 
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Virus name NT accession 

East Asian passiflora distortion virus NC_055483.1 

East Asian passiflora virus NC_007728.1 

endive necrotic mosaic virus NC_034273.1 

euphorbia ringspot virus NC_031339.1 

freesia mosaic virus NC_014064.1 

fritillary virus Y NC_010954.1 

gloriosa stripe mosaic virus NC_038562.1 

gomphocarpus mosaic virus NC_055470.1 

habenaria mosaic virus NC_021786.1 

hardenbergia mosaic virus NC_015394.2 

hippeastrum mosaic virus NC_017967.1 

hyacinth mosaic virus NC_037051.1 

impatiens flower break virus NC_030236.1 

Iranian johnsongrass mosaic virus NC_018833.1 

iris mild mosaic virus  NC_043149.1  

iris severe mosaic virus NC_029076.1 

Japanese yam mosaic virus NC_000947.1 

jasmine virus T NC_029051.1 

johnsongrass mosaic virus NC_003606.1 

keunjorong mosaic virus NC_016159.1 

konjac mosaic virus NC_007913.1 

leek yellow stripe virus NC_004011.1 

lettuce Italian necrotic virus NC_027706.1 

lettuce mosaic virus NC_003605.1 

lily mottle virus NC_005288.1 

lupinus mosaic virus NC_014898.1 

mashua virus Y NC_055496.1 

Mediterranean ruda virus NC_043536.1 

Moroccan watermelon mosaic virus NC_009995.1 

narcissus degeneration virus NC_008824.1 

narcissus late season yellows virus NC_023628.1 

narcissus yellow stripe virus NC_011541.1 

nerine yellow stripe virus from UK Nerine MT396083.1 

noni mosaic virus MN158696.1 

onion yellow dwarf virus NC_005029.1 

ornithogalum mosaic virus NC_019409.1 

panax virus Y NC_014252.1 

papaya leaf distortion mosaic virus JX974555.1 

papaya ringspot virus NC_001785.1 
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Virus name NT accession 

paris mosaic necrosis virus NC_043532.1 

Paris virus 1 NC_055600.1 

passion fruit woodiness virus NC_014790.2 

pea seed-borne mosaic virus NC_001671.1 

peanut mottle virus NC_002600.1 

pecan mosaic-associated virus NC_030293.1 

pennisetum mosaic virus NC_007147.1 

pepper mottle virus NC_001517.1 

pepper severe mosaic virus NC_008393.1 

pepper veinal mottle virus NC_011918.1 

pepper yellow mosaic virus NC_014327.1 

Peru tomato mosaic virus NC_004573.1 

platycodon mild mottle virus  NC_055503.1 

pleione flower breaking virus NC_040650.1 

plum pox virus NC_001445.1 

pokeweed mosaic virus NC_018872.2 

potato virus A NC_004039.1 

potato virus V NC_004010.1 

potato virus Y NC_001616.1 

potato yellow blotch virus JX294310.1 

saffron latent virus NC_036802.1 

scallion mosaic virus NC_003399.1 

shallot yellow stripe virus NC_007433.1 

sorghum mosaic virus NC_004035.1 

Sudan watermelon mosaic virus NC_035459.1 

sugarcane mosaic virus NC_003398.1 

sunflower chlorotic mottle virus NC_014038.1 

sunflower mild mosaic virus NC_021065.1 

sunflower ring blotch virus NC_034208.1 

sweet potato feathery mottle virus NC_001841.1 

sweet potato latent virus NC_020896.1 

sweet potato virus 2 NC_017970.1 

sweet potato virus C NC_014742.1 

sweet potato virus G NC_018093.1 

tamarillo leaf malformation virus NC_026615.1 

telosma mosaic virus NC_009742.1 

thunberg fritillary mosaic virus NC_007180.1 

tobacco etch virus NC_001555.1 

tobacco mosqueado virus NC_030118.1 
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Virus name NT accession 

tobacco vein banding mosaic virus NC_009994.1 

tobacco vein mottling virus NC_001768.1 

tomato necrotic stunt virus NC_017824.1 

turnip mosaic virus NC_002509.2 

Ugandan passiflora virus MK110656 

vanilla distortion mosaic virus NC_025250.1 

verbena virus Y NC_010735.1 

watermelon mosaic virus NC_006262.1 

wild melon banding virus NC_035458.1 

wild onion symptomless virus NC_030391.1 

wild potato mosaic virus NC_004426.1 

wild tomato mosaic virus NC_009744.1 

wisteria vein mosaic virus NC_007216.1 

yam mild mosaic virus NC_019412.1 

yam mosaic virus NC_004752.1 

yambean mosaic virus NC_016441.1 

zantedeschia mild mosaic virus NC_011560.1 

zucchini shoestring virus NC_043172.1 

zucchini tigre mosaic virus NC_023175.1 

zucchini yellow mosaic virus NC_003224.1 
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Appendix 4 NVX UK Nerine isolate sequence as submitted to GenBank 

MZ643995 

LOCUS       Seq2                    6849 bp    RNA     linear   VRL 16-JUL-2021 

DEFINITION  complete cds. 

ACCESSION   Seq2 

VERSION 

KEYWORDS    . 

SOURCE      Nerine virus X 

  ORGANISM  Nerine virus X 

            Viruses; Riboviria; Orthornavirae; Kitrinoviricota; Alsuviricetes; 

            Tymovirales; Alphaflexiviridae; Potexvirus. 

REFERENCE   1  (bases 1 to 6849) 

  AUTHORS   Beddoe,N., Forsyth,A., Adams,I.P. and McGreig,S. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (26-JUL-2021) Natural and Applied Sciences, Canterbury 

            Christ Church University, North Holmes Road, Canterbury, 

            Canterbury, Kent CT1 1QU, United Kingdom 

COMMENT     Bankit Comment: ALT EMAIL:naomi.beddoe@canterbury.ac.uk 

            Bankit Comment: TOTAL # OF SEQS:2 

             

            ##Assembly-Data-START## 

            Assembly Method       :: Trinity v. 2.8.4 

            Assembly Name         :: LTSA_31_NaomiB_S9_TRINITY_DN3_c0_g1_i2 

            Coverage              :: 208.867 

            Sequencing Technology :: Illumina 

            ##Assembly-Data-END## 

FEATURES             Location/Qualifiers 

     source          1..6849 

                     /organism="Nerine virus X" 

                     /mol_type="genomic RNA" 

                     /isolate="63" 

                     /isolation_source="Symptomatic leaves" 

                     /host="Nerine bowdenii x sarniensis 'Hera'" 

                     /db_xref="taxon:333348" 

                     /country="United Kingdom" 

                     /collection_date="15-Nov-2019" 



225 
 

                     /collected_by="N. Beddoe" 

     5'UTR           1..91 

     CDS             92..4834 

                     /codon_start=1 

                     /product="replicase" 

                     /translation="MSLIRAALDRITDCSLKAVLQNEAYKEIKPTLREATHVNPFAID 

                     DAAADTLEQLGIITNPYSVKLHTHGAVKAIENQLLSIVGHHLPKRPVSYMFLKRSKLR 

                     FLRRDPRIQDKFLNYDIEPRDVARYPEETVLKRFVRVDTDTAYISDTLHFLRPTFLTA 

                     
LFEQSTQLQTLYATLVLPPEALHKMPSLEPSLYQINYNFDGYQYIPGRHGGGAYHHEF 

                     QDLVWLRIGKIHGPSTTITAQLLESLGANHLFVFRRGDFLTPRVRTFRCDEHVILPQI 

                     FHPQNRNASRPIKHTFAAQLLLYCQSISDLKLKDLFAKVRQLVKTQDLPQLQPTEVIH 

                     IANYFYFVAHLGSMNSYEDILSSSVFKRSLQPIKTRIIQIWEHIFGERKFEQLMKVLD 

                     
WQTFTLSCRVTTGRSYLHSWDEPANRPKGAPFFHETDADSGESPDHQPPSTSGSQNST 

                     
TAPAPLTPTHAPNTRKPAAPTSRTPTAQAHPAQRKQYVAVNPSATAPISTQTPSPSAT 

                     TPPTKESNTSKPVPQAPATPPTAPRDPLLAKSEPPPPLTPTLASSPIKSPSTSTPAQD 

                     TPLPSGNSEEPTELPSAYLEKFTLIEDYLAPDATPTRSQFTLKEVPYCFGTVTSEPRL 

                     
IPTTPKATSTTSGSTDDDFPHSVETAIEWGKQMNHRSSEASTSHSTPADSTLLCFMSP 

                     
PDWHIEQSNLQRVATARAPTAVLSHSENTSHTTSTPLTTPETIQTSQETTAQPLDDNF 

                     LDDEAPTEQAVPWAQWLPILNAVGFTALERQFAPDKSLIFPISDVTHLPQPTTVPGLP 

                     
EELFQLLKLTQRLPVPVRMSAQRAKCFASDVKNNRTGLLTKSQPNEWKEIFSRLTEED 

                     SITIHVAVIHGAGGSGKSQALQQYLRTLPQDQKTVSVILPTNELRLDWENKVPRASKF 

                     TFKTFERALLEPVEDLCIFDDYGKLPAGYLEAFVMAHINIECIILTGDSKQSMHHETN 

                     NQALIAHIPPAILQFQPYCRYYLNATHRNPRNLANALGVYSEAAGFTTITMSSRPMQG 

                     
WPILSPSCAKKMCFSELGHVAHTYAGCQGLTAPKIQITLDNNTPLCTDQVMYTALSRA 

                     VHNIHFINTGANSREYWTKLDATPYLKTFLETLRENVVTQDCVTEVDPPEPKVKCHIA 

                     
PDNAVTIIEDLVSQLPDKYARELYNKHHGFSNAVQTEDPVVQLFQHQQAKDETLLWAT 

                     IEARIKIASPEANLTEFLLKKDIGDILFENYAVAMNVPEKPMPFSAELWQACREEIEK 

                     TYLAKPVSALINGSLRQSPDFHADAISLFLKSQWVKKTEKLGCLNVKPGQTIASFMQE 

                     
TVMLYGTMARYMRRIRDQHQPSTIFINCEKTPEDMSAFTKAGWNFQRTAYSNDFTAFD 

                     QSQDGAMLQFEVIKAKHYGVPMEIIEGYIHIKLNAKIFLGTLAIMRLSGEGPTFDANT 

                     ECSIAYHHTRFHVPPQTRRLFAGDDSAQDAPAIEKNSFTAIADRLQLTSKPINYAQKP 
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GYYADFCGWLITPHGVIKDPMKLYFSLELAVRTGKASDVAHSYALDAKFAFQLGDLLH 

                     DILTPDQFTMHQKTIRILHELKVGHLLR*" 

     CDS             4867..5553 

                     /codon_start=1 

                     /product="triple geneblock protein 1" 

                     /translation="MENILQLLNLHFQRTNLPLSKPVVIHSCAGAGKTTLIQTILQNH 

                     PSATAYTHSTHYASSRDLAGYNLRPFSQYTPGHLDIIDEYLAGSIPPTACFLFADPYQ 

                     YPPTNIRAHYTSLITHRFGPTLAAYLTTLGYHITSSLPAQPTELEFLNLWDWTPSGTC 

                     ITHDEHLRNLLVSHSIPTLRPCEAIGLEFPAVDYVTPSTPSRATVTHLDYIALTRHTL 

                     KLRVITDDTN*" 

     CDS             5540..5878 

                     /codon_start=1 

                     /product="triple geneblock protein 2" 

                     /translation="MTLTKPADYTHIIPIAIVCTAAVLGLLLLTRNNLPSTGDNIHSL 

                     PHGGTYQDGTKHIRYCSPQHGSHYKYAATSNSIPIALAIILPAAIYFSSKYSTNNNHH 

                     HCSHCSRTQT*" 

     CDS             5694..6035 

                     /codon_start=1 

                     /product="triple geneblock protein 3" 

                     /translation="MEPNISDIARHNTAHTISTQPPPTPSPSRWPSFYQPPYTLALSI 

                     ALTIIIITAAIAAAPKPEPCTIHLDGHSATIVNCHATRELAFVISEARIHLTGLIKRQ 

                     SETSLRLTHDC*" 

     CDS             6049..6723 

                     /codon_start=1 

                     /product="coat protein" 

                     /translation="MAAAPTHIPSASLPATSKTDDMTAPPTNQDLEALPYVPESNAVA 

                     
TPDQILAIAALWKSLGAPANKLGPYAWDLARHCADVQTSSQGKIVGTPPGETKLTRQV 

                     
LAASVKSICTLRQFCMYFAKVVWNMMILQDNPPANWSKMNYRESERFAAFDFFDGVTH 

                     
SAALEPQGGLIRPPSEAERVANAAQKGLHIYKAAQQKNQLASTAVEFTRAQIGSTPSL 

                     ALLPPN*" 

     3'UTR           6724..6849 

BASE COUNT     1757 a   2350 c   1345 g   1397 t 

ORIGIN       

        1 ggaaaatcaa cccaaagcaa actaacgtta aacaacgtaa agcaccttac aaggtcctcc 

       61 agcgttacta ggtaactccg acgcccctgc aatgtcgctt atacgtgcag ctttggatag 
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      121 gattactgac tgttctctca aggctgttct tcagaacgaa gcctataaag aaatcaaacc 

      181 cacccttcga gaggccactc atgttaatcc tttcgccatc gatgacgcag ccgctgacac 

      241 tttggaacaa ctgggtataa taaccaaccc ttattccgtc aagctgcata ctcatggcgc 

      301 cgtcaaggcg atcgagaacc agctcctctc catcgtcggg catcacttgc ccaaacggcc 

      361 cgtgagctac atgttcctta agagaagcaa gctccgtttc ctacgacggg accctcgtat 

      421 tcaagacaag ttcttgaatt acgacatcga accacgcgac gtggctcggt accctgagga 

      481 gactgtcctg aaacgctttg tccgagtaga caccgacact gcgtacatca gcgacaccct 

      541 gcacttctta aggcccacgt tcctcacggc gctttttgag caatccactc aactccaaac 

      601 gctatatgcc acactggtat taccaccaga agcgttacac aagatgcctt ccttggaacc 

      661 atcgctctac caaatcaatt acaatttcga tggttaccaa tacattcccg ggcgccacgg 

      721 cggcggcgct taccaccacg agttccagga cttagtgtgg ttacgcatcg gaaagatcca 

      781 cggaccaagt accaccataa cagctcagct gttggagtcc ctaggcgcga accatctctt 

      841 tgtgttccgc cgaggtgatt tcctcactcc cagggtccgt accttccgct gcgacgagca 

      901 tgtgattctg ccacaaattt tccacccgca gaatcgcaat gcctctcggc ccattaagca 

      961 caccttcgct gctcagctgt tgctctactg ccaaagcatc agcgatctca agcttaagga 

     1021 cctcttcgcc aaagtgaggc aattggtgaa gactcaagac ctgcctcaac tccaacccac 

     1081 ggaagtgatc cacatcgcaa attacttcta tttcgtggcg catctggggt ccatgaactc 

     1141 atacgaagac atcctatctt cgtctgtgtt caaacggtca ctccagccca taaaaacccg 

     1201 cataatccaa atctgggaac acatcttcgg agaaaggaaa tttgaacagt tgatgaaagt 

     1261 tctagactgg cagactttca ccctctcctg tcgcgtcacc accggcagga gctatttaca 

     1321 ctcttgggac gagccagcta accgacccaa gggtgccccg ttcttccacg agactgatgc 

     1381 agattccggt gagtcgcctg accaccagcc accatctacg tcaggttccc agaactccac 

     1441 caccgccccc gcgccgctca cccccactca cgcgcccaac actcggaaac ccgcagcgcc 

     1501 cacctcccgc acgccaaccg ctcaagctca ccccgctcag cgcaagcagt acgttgctgt 

     1561 gaacccaagc gctaccgccc ccatttccac acaaactccc tctccgagtg ccaccacccc 

     1621 tccgactaaa gagtctaaca cctctaagcc ggtgccccaa gcgcccgcaa caccaccaac 

     1681 agccccacgc gaccccctgc ttgctaagag tgaacccccg cccccgctta cacccacctt 

     1741 agcaagctca cccatcaaat ctccgagcac ctccaccccg gctcaggaca caccccttcc 

     1801 gtctggcaat tctgaggagc ctacagaatt gccctccgcg tacctcgaga agttcacact 

     1861 catcgaggac tacctcgctc cagacgcgac gcccacacgc tcccaattta ctctcaagga 

     1921 ggttccttac tgcttcggga ccgtaacttc ggagccccgc cttatcccca ccacacccaa 

     1981 ggctacatcc accacttctg gctcgactga cgatgacttt cctcactctg tagaaactgc 

     2041 catagagtgg ggaaaacaaa tgaatcaccg cagttcggaa gcgtccacct cccactcgac 

     2101 ccccgctgac tccaccctgc tatgcttcat gtcgccaccc gactggcata tcgagcagag 

     2161 taacttgcaa cgggtcgcca cagcccgggc acccaccgcg gtcctcagcc actcggagaa 

     2221 cacatcccat accacctcca cccccctgac cactcccgaa acaatccaaa catcgcaaga 

     2281 gaccacagcg cagccgctag atgacaactt tctggatgat gaagccccga cggagcaggc 
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     2341 cgtcccctgg gctcagtggc tacccatact taacgctgta ggttttactg ccctggaacg 

     2401 acaatttgcc ccagataaat cgctcatctt tcccatctct gacgtaacac acctcccaca 

     2461 gccgaccaca gtcccaggcc tccccgagga gttgtttcaa cttctcaaac tgacccaaag 

     2521 actaccggtc cctgtgcgga tgagtgctca aagagccaag tgtttcgcca gtgatgtgaa 

     2581 gaacaatcgc accggcttgc tgaccaaatc tcaacccaac gaatggaagg agatcttctc 

     2641 cagactcact gaggaagact ccatcaccat ccatgtggct gtaattcatg gcgccggagg 

     2701 ctcgggcaaa tctcaagctt tgcagcagta cttgcgcacc ctcccccaag accagaagac 

     2761 tgtgagcgtc atattaccaa ccaatgagct ccgccttgac tgggagaaca aagtcccccg 

     2821 cgctagcaag ttcactttca aaacctttga acgcgcgcta ctcgaacccg tcgaagactt 

     2881 gtgcatcttc gacgattatg gaaaattgcc tgctggctac ttggaggctt tcgtgatggc 

     2941 ccacatcaac attgagtgta taatactcac tggagattca aagcaatcca tgcatcatga 

     3001 aaccaacaat caagccctaa tagcacacat accgccagcc atcctccaat tccaacccta 

     3061 ctgccgctac tatttgaacg ctactcaccg caacccacgc aatctagcta atgctctcgg 

     3121 agtttactct gaggcagcgg gcttcaccac catcaccatg agtagtcgtc ccatgcaagg 

     3181 ttggcccatc ctgtcaccca gctgcgcgaa gaagatgtgt ttcagcgagc taggacacgt 

     3241 agctcacacg tacgcaggct gtcagggact caccgcccca aaaatccaaa tcaccctcga 

     3301 caacaacacc ccgttgtgca cagatcaagt catgtataca gcgctttccc gtgctgtgca 

     3361 caacatccac ttcatcaaca ccggtgccaa ctcccgtgag tattggacca agttggatgc 

     3421 cacaccgtac cttaaaacgt ttctggaaac actacgtgaa aacgtagtca cccaagactg 

     3481 tgtgactgaa gtggacccgc ccgagcctaa ggttaagtgt cacattgccc cggacaacgc 

     3541 tgtgaccatc attgaagact tggtctcaca actgcctgac aaatacgccc gtgagctgta 

     3601 caacaaacat cacggattct caaacgccgt ccaaaccgag gatccagtag tacaactctt 

     3661 ccaacatcag caggcaaaag atgagacact cctctgggcc accatcgaag ctcgcatcaa 

     3721 gatagcttcc cccgaagcta accttaccga gtttttgctc aagaaggata tcggagacat 

     3781 cctcttcgaa aactacgcgg tagcaatgaa tgtgcccgag aaacccatgc cattcagtgc 

     3841 tgagctatgg caagcttgcc gcgaggagat tgaaaagact tatctagcca aacccgtgtc 

     3901 cgccctcatc aacgggtcac tcaggcaatc tcctgacttc cacgccgacg ccatatccct 

     3961 atttctcaaa tcacagtggg tgaagaaaac ggaaaaactg ggctgcctca acgttaaacc 

     4021 tggtcaaacc atcgcttcct tcatgcagga gaccgtgatg ctatacggca ctatggcccg 

     4081 ctacatgaga cgcatccgcg accagcacca gccatccacc atcttcatca actgtgagaa 

     4141 aacccctgag gatatgagcg ccttcaccaa agccggatgg aatttccaaa ggaccgccta 

     4201 ctccaacgac ttcacagctt tcgaccaatc tcaagacgga gcaatgctcc agtttgaggt 

     4261 aatcaaagct aaacattacg gagtaccgat ggaaatcatt gaggggtata tccacatcaa 

     4321 gctgaacgca aaaattttcc tgggcaccct cgccatcatg cgcctatctg gagaaggccc 

     4381 caccttcgac gctaacacgg aatgctccat tgcttaccac cacacacgct tccacgtgcc 

     4441 gcctcagact cgacgactat tcgccggaga tgacagcgcg caagacgctc ccgcaattga 

     4501 gaagaactcc ttcacggcca ttgctgatag gctacaacta acatccaagc ctatcaacta 
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     4561 cgcccagaag ccaggctact acgccgactt ctgtggctgg ttgatcacgc ctcacggagt 

     4621 catcaaagac cccatgaagc tgtacttctc tcttgagcta gccgtgcgca ctggcaaagc 

     4681 cagcgacgtc gctcactcct acgcgctgga cgcaaaattc gcattccaac ttggcgacct 

     4741 cctccatgac atactcaccc ccgaccagtt cactatgcat caaaagacca tccgcatcct 

     4801 gcatgaactg aaggtcggcc acctcctgcg ctgaaatcca tccaggttca atagtcatat 

     4861 ttcgaaatgg aaaacatcct gcaactattg aacctgcact ttcagcgcac caacctccct 

     4921 ctatccaaac cggtcgtcat tcactcctgt gcgggcgccg gaaaaaccac cctcatccaa 

     4981 accatccttc aaaatcaccc ctccgccact gcttacaccc actctactca ctacgcttct 

     5041 tctcgagact tggctggcta caaccttcga ccatttagcc aatacacccc aggacatctc 

     5101 gacatcattg acgaatatct agcaggttcc atcccaccca ccgcctgctt ccttttcgcc 

     5161 gacccctacc aatacccccc cactaacatc cgcgctcact acacttccct gatcacgcat 

     5221 cgtttcgggc ctactctagc cgcctactta accaccttgg gataccacat cacgtcatct 

     5281 ctacccgccc aacccaccga gcttgaattc ctcaacctct gggattggac cccatctggc 

     5341 acctgcatca cccacgacga gcatttgaga aacttactgg tctctcactc tattcccacg 

     5401 ctacgcccct gcgaagctat cgggctagag tttcccgccg tggactacgt caccccaagt 

     5461 acgccctcca gagccaccgt gacccacttg gattacatag ctctgacccg ccacaccctc 

     5521 aaacttcgcg tgatcacgga tgacactaac taaacccgct gactacaccc acatcatccc 

     5581 cattgccata gtgtgcaccg ccgccgtgct aggccttctc ctgctcaccc gcaataatct 

     5641 gccttccact ggagataata tacacagcct tcctcacgga ggcacctacc aagatggaac 

     5701 caaacatatc agatattgct cgccacaaca cggctcacac tataagtacg cagccacctc 

     5761 caactccatc cccatcgcgc tggccatcat tttaccagcc gccatatact ttagctctaa 

     5821 gtatagcact aacaataatc atcatcactg cagccattgc agccgcaccc aaacctgagc 

     5881 cttgcacgat ccacctcgac ggccactctg caactatcgt gaattgtcac gctactcgcg 

     5941 agctggcctt cgtcatctct gaggcccgca tccacctcac gggtttaatt aaacgccagt 

     6001 ctgaaacttc actccgactc actcacgact gttaatccca cccgtccaat ggctgccgca 

     6061 cccactcaca tcccatccgc ctccctccca gcaacatcca aaaccgacga catgaccgcg 

     6121 cccccaacta accaagacct ggaggccctg ccctacgtgc ccgaatcaaa tgcggtggct 

     6181 acacccgacc aaattttagc catcgccgcg ctgtggaaaa gtcttggcgc ccctgctaac 

     6241 aaactcggcc cgtacgcgtg ggatctagcc cgccactgcg ccgatgtcca gacctcctct 

     6301 caaggcaaga ttgtcggcac gccacccggt gaaacaaaac tcacccggca ggtgttagct 

     6361 gcgagcgtta aatccatctg cacgctccga caattttgca tgtacttcgc caaagtggtc 

     6421 tggaacatga tgatactgca ggacaaccca cctgccaact ggtccaagat gaactaccgc 

     6481 gagtccgaac gcttcgccgc ctttgacttc ttcgacggag tgactcactc cgccgctctc 

     6541 gaaccccaag gcgggctgat cagaccaccc tccgaagctg aacgagtcgc caacgccgcc 

     6601 cagaaagggc tccatatata caaagcggcg caacagaaga accagctggc ctccaccgcc 

     6661 gtcgaattca cccgggctca aatcggcagc accccctccc tagccctcct ccccccaaac 

     6721 taacccctac gctatattat aaataaatgc agctagccgg tgataatgcg caccgcccac 
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     6781 tgggttttcg catgctaaca taggccaacc taaccggccc ttaagcttaa gatttaactc 

     6841 attttactt 

// 
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Appendix 5 Table of potyvirus dipstick, dot blot and RT-PCR survey results 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

1.5 
‘Elegance’/ 
’Elegance Gem’ 

Nerine bowdenii x sarniensis 
hybrid 

1 n/a n/a n/a n/a + - + 

2.2 ‘Ophelia’ Nerine sarniensis hybrid 1 n/a n/a n/a n/a + - + 

4.3 ‘Lucinda’ 
Nerine bowdenii x sarniensis 
hybrid 

1 n/a n/a n/a n/a + - + 

5.4 ‘Yealm Queen’ 
Nerine bowdenii x sarniensis 
hybrid 

1 n/a n/a n/a n/a - + + 

8.1 ‘Hamlet’ Nerine sarniensis   5 n/a n/a n/a n/a + - - 

9.1 ‘Berlioz’ Nerine sarniensis hybrid 5 n/a n/a n/a n/a - - - 

10.3 ‘Cardinal’ Nerine sarniensis hybrid 5 n/a n/a n/a n/a - - - 

13.1 ‘Nikita’ Nerine bowdenii 13 n/a n/a n/a n/a - - + 

21.1 ‘Zeal Embers’ 
Nerine bowdenii x sarniensis 
hybrid 

12 n/a n/a n/a n/a + + + 

22.1 ‘Hera’ 1 
Nerine bowdenii x sarniensis 
hybrid 

12 n/a n/a n/a n/a + - - 

24.1 ‘Isabel’ Nerine bowdenii 12 n/a n/a n/a n/a + - + 

28.1 ‘Stern’ 
Nerine bowdenii var. giganteum 
'Stern’  

9 n/a n/a n/a n/a - + + 

29.1 ‘Till’ Nerine bowdenii 'Till' 9 n/a n/a (+) n/a + + + 

30.1 ‘Blush Desire’  Not confirmed 9 n/a n/a n/a n/a + + + 

34.1 ‘Grace’  Not confirmed 8 n/a n/a n/a n/a + - + 

35.1 ‘Grace’  Nerine bowdenii 8 n/a n/a n/a n/a (+) - + 

38.1 ‘Zeal Giant’  
Nerine bowdenii x sarniensis 
hybrid 

8 n/a n/a n/a n/a - - - 

42.1 ‘Malvern’ Nerine sarniensis hybrid 6 (+) n/a n/a n/a - + - 

43.1 ‘Lady Llewellyn’ Nerine sarniensis hybrid 6 (+) n/a n/a n/a + - - 

44.1 N. bowdenii Nerine bowdenii 6 (+) n/a n/a n/a + + + 

45.1 
‘Lady Stirling 
Maxwell’ 

Nerine sarniensis hybrid 6 (+) n/a n/a n/a - - - 

46.1 ‘Helena’ Nerine sarniensis hybrid 6 (+) n/a n/a n/a + - - 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

47.1 ‘Wolsey’ Nerine sarniensis hybrid 6 (+) n/a n/a n/a - + - 

48.1 ‘Berlioz’ Nerine sarniensis hybrid 6 (+) n/a n/a n/a n/a n/a n/a 

49.1 
‘Solent Swan’ 
(0127) 

Not confirmed 12 (+) n/a n/a n/a n/a n/a n/a 

50.1 ‘Judith’ (0305) Not confirmed 12 (+) n/a n/a n/a n/a n/a n/a 

51.1 
‘Lady Llewellyn’ 
(0333) 

Nerine sarniensis hybrid 12 (+) n/a n/a n/a n/a n/a n/a 

52.1 
‘Anne Baring’ 
(0011) 

Nerine sarniensis 12 (+) n/a n/a n/a n/a n/a n/a 

53 EX 59V Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

54 5081 Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

55 5676 Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

56 ‘Plymouth’ Nerine sarniensis hybrid 1 (+) n/a n/a n/a - + - 

57 ‘Ice Cup’ 
Presumed Nerine sarniensis 
hybrid 

1 (+) n/a n/a n/a - - + 

58 ‘Tardiflora’ Versicolor type 1 (+) n/a n/a n/a - + - 

63 ‘Hera’ 
Nerine bowdenii x sarniensis 
hybrid 

10 (+) (+) n/a (+) + + (+) 

64 ‘Fuschine’ No information 10 n/a + + (+) + + (+) 

65 ‘Hera’ 
Nerine bowdenii x sarniensis 
hybrid 

10 n/a (+) (+) (+) + + + 

66 ‘Aurora’ 
Nerine bowdenii x sarniensis 
hybrid 

10 n/a (+) + + + + (+) 

73 Cornish Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

74 ‘Mount Stewart’ Nerine bowdenii 1 (+) n/a n/a n/a n/a n/a n/a 

75 ‘Sofie’ Nerine bowdenii 1 (+) n/a n/a n/a n/a n/a n/a 

76 ‘Alba’ C2 Nerine bowdenii 1 (+) n/a n/a n/a n/a n/a n/a 

77 ‘Alba’ Nerine bowdenii 1 (+) n/a n/a n/a n/a n/a n/a 

78 ‘Nikita’ Nerine bowdenii 1 (+) n/a n/a n/a n/a n/a n/a 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

79 ‘Hera’ 
Nerine bowdenii x sarniensis 
hybrid 

12 n/a + (+) n/a + + + 

80 
‘Gletsjer’, 
translation is 
Glacier 

Nerine bowdenii x sarniensis 
hybrid 

1 (+) (+) (+) n/a - + - 

81 ‘Lipstick’ Nerine bowdenii 1 (+) n/a n/a n/a - + - 

83 ‘Ostara’ Nerine bowdenii 1 (+) + + (+) (+) + + 

84 ‘Manina’ Nerine bowdenii 1 (+) (+) (+) n/a + + - 

85 ‘Wellsii’ pale form Nerine bowdenii 1 (+) n/a n/a n/a - + + 

86 'Pink Surprise' Nerine bowdenii 7 (+) n/a n/a n/a n/a n/a n/a 

87 'Regina' 
Nerine bowdenii x sarniensis 
hybrid 

7 (+) n/a n/a n/a n/a n/a n/a 

90 ‘Hera’ 
Nerine bowdenii x sarniensis 
hybrid 

1 (+) n/a n/a n/a n/a n/a n/a 

91 ‘Irish clone’ Nerine bowdenii 1 (+) n/a n/a n/a - - + 

92 ‘Regina’ 
Nerine bowdenii x sarniensis 
hybrid 

1 (+) (+) (+) (+) - - - 

94 ‘Quinton Wells’ Nerine bowdenii 1 (+) n/a n/a n/a + - + 

96 ‘Alexandra’ Not confirmed 3 n/a n/a n/a n/a - - - 

97 ‘Amy Doncaster’ Versicolor type 3 n/a n/a n/a n/a + + + 

99 ‘Jenny Wren’ No information 3 n/a n/a n/a n/a - - - 

101 ‘Plymouth’ Nerine sarniensis hybrid 3 n/a n/a n/a n/a - - - 

103 Dutch white j.a Not confirmed 12 (+) n/a n/a n/a n/a n/a n/a 

104 ‘Regina’ 062 
Nerine bowdenii x sarniensis 
hybrid 

12 (+) n/a n/a n/a n/a n/a n/a 

105 N. bowdenii 068 Nerine bowdenii 12 (+) n/a n/a n/a - - + 

106 Tall Clone 065 Nerine bowdenii 12 (+) n/a n/a n/a - - - 

107 Bickham 001 Nerine bowdenii 12 (+) n/a n/a n/a n/a n/a n/a 

 



234 
 

Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

108 
‘Pink triumph’ 
025 

Nerine bowdenii 12 (+) n/a n/a n/a n/a n/a n/a 

109 ‘Isabel’  Nerine bowdenii 12 (+) n/a n/a n/a n/a n/a n/a 

110 ‘Irish Clone’ 045 Nerine bowdenii 12 (+) n/a n/a n/a n/a n/a n/a 

111 
N. bowdenii 
subsp welsii 043 

Nerine bowdenii 12 (+) n/a n/a n/a - - - 

112 ‘Molie cowie’ 047 Nerine bowdenii 12 (+) n/a n/a n/a n/a n/a n/a 

113 ‘Ella K’ Nerine bowdenii 1 (+) n/a n/a n/a n/a n/a n/a 

115 Isabella No information 1 (+) n/a n/a n/a + - + 

118 ‘Ancilla’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

119 ‘Bennet Poe’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

120 
‘Christmas 
Dreams’ 

Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

121 Falcata Striped Nerine krigei subsp. Falcata 1 - n/a n/a n/a n/a n/a n/a 

122 ‘Gloaming’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

123 ‘Jenny Wren’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

124 ‘Gaiety’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

125 ‘Blanchfleur’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

126 ‘Cassiopeia’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

127 Exbury 'Leo' Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

128 Exbury 'Eddy' Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

129 ‘Harlequin’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

130 ‘Iman’ Versicolor type 1 - n/a n/a n/a n/a n/a n/a 

131 ‘Tardiflora’ Versicolor type 1 - n/a n/a n/a n/a n/a n/a 

132 ‘Cranfield’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

133 ‘Baghdad’ Nerine sarniensis 1 - n/a n/a n/a n/a n/a n/a 

134 ‘Mansellii’ Nerine × versicolor 1 - n/a n/a n/a n/a n/a n/a 

135 ‘Pink Galore’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

137 ‘Inchmery Kate’ Not confirmed 1 - n/a n/a n/a + - - 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

142 ‘Pocohontas’ Nerine sarniensis hybrid 1 - + (+) n/a - - - 

143 
‘Sprinkbank 
Peter’ 

Nerine sarniensis hybrid 1 - n/a n/a n/a - - + 

144 
‘Springbank 
Alice’ 

Nerine sarniensis hybrid 1 - n/a (+) n/a - + - 

145 ‘Sprinkbank Red’ Nerine sarniensis hybrid 1 - n/a (+) n/a - - - 

146 
‘Shardlow 
Beauty’ 

Nerine sarniensis hybrid 1 - n/a n/a n/a - - + 

147 
Nerine sarniensis 
Pink 

Nerine sarniensis 1 - n/a n/a n/a n/a n/a n/a 

148 ‘Brigthon Rock’ Not confirmed 1 - n/a n/a n/a n/a n/a n/a 

149 ‘Fothergilli Major’ Nerine sarniensis 1 - n/a n/a n/a n/a n/a n/a 

150 ‘Gentle Dreams’ Nerine sarniensis hybrid 1 - n/a (+) (+) - - + 

151 ‘Joan Eames’ Nerine sarniensis hybrid 1 - n/a n/a n/a - + + 

152 
‘Caroline de 
Rothschild’ 

Nerine sarniensis hybrid 1 - n/a n/a n/a - - - 

190 ‘Mother of Pearl’ Not confirmed 1 (+) (+) (+)   - + - 

191 ‘Lawlord’ Not confirmed 1 (+)   (+)   - - - 

194 ‘Kyrie’ Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

195 ‘Snowflake’ Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

196 ‘Quest’ Not confirmed 2 - n/a n/a n/a n/a n/a n/a 

197 ‘Mother of Pearl’ Not confirmed 2 - (+) (+) (+) + + - 

198 ‘Hera’ 
Nerine bowdenii x sarniensis 
hybrid 

1 (+) n/a n/a n/a n/a n/a n/a 

199 Ex59v Ashmore Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

200 ‘Mansellii’ Nerine × versicolor 1 (+) n/a n/a n/a n/a n/a n/a 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

201 ‘Iman’ Versicolor type 1 (+) (+) +   + + + 

203 Ex5676 Not confirmed 1 (+) (+) (+) n/a - - - 

204 ‘Mrs Cooper’ Nerine sarniensis hybrid 1 (+) (+) n/a n/a - - - 

206 ‘Janet’ Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

207 ‘Lydia’ Nerine sarniensis hybrid 1 (+) (+) + n/a (+) + - 

208 
Nerine flexuosa 
‘Alba’ 

Nerine flexuosa 1 (+) (+) (+) (+) - - - 

209 ‘Ancilla’   Not confirmed 1 (+) n/a n/a n/a n/a n/a n/a 

218 ‘Wellsii’ pale form Nerine bowdenii 1 n/a + (+) n/a - - - 

227 Chrismas cheer No information 4 n/a n/a n/a n/a - + - 

230 ‘Mrs Kingscote’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - - - 

259 ‘Cynthia Chance’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - + - 

260 ‘Mill Loch’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - + - 

261 Unidentified Not confirmed 4 n/a n/a n/a n/a + + - 

262 
‘Rachel 
Beaumont’ 

No information 4 n/a n/a n/a n/a + + - 

263 ‘Rushmere Star’  
Nerine bowdenii x sarniensis 
hybrid 

4 n/a n/a n/a n/a - + - 

273 ‘Kipling’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - + - 

277 
Amarine 
belladiva 

Amarine belladiva 10 n/a n/a n/a n/a + + + 

288 Unidentified Nerine sarniensis 12 n/a n/a n/a n/a - - - 

227 Chrismas cheer No information 4 n/a n/a n/a n/a - + - 

230 ‘Mrs Kingscote’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - - - 

259 ‘Cynthia Chance’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - + - 

260 ‘Mill Loch’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - + - 

261 Unidentified Not confirmed 4 n/a n/a n/a n/a + + - 

262 
‘Rachel 
Beaumont’ 

No information 4 n/a n/a n/a n/a + + - 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

263 
‘Rushmere 
Star’  

Nerine bowdenii x sarniensis hybrid 4 n/a n/a n/a n/a - + - 

273 ‘Kipling’ Nerine sarniensis hybrid 4 n/a n/a n/a n/a - + - 

277 
Amarine 
belladiva 

Amarine belladiva 10 n/a n/a n/a n/a + + + 

288 Unidentified Nerine sarniensis 12 n/a n/a n/a n/a - - - 
289 Unidentified Nerine sarniensis 12 n/a n/a n/a n/a - - - 

294 Unidentified Nerine sarniensis 12 n/a n/a n/a n/a - + - 

301 Unidentified Nerine sarniensis 12 n/a n/a n/a n/a - + - 

302 Unidentified Nerine sarniensis 12 n/a n/a n/a n/a - - - 

303 Nerine filifolia Nerine filifolia 4 n/a n/a n/a n/a - + - 

305 x5 Not confirmed 4 n/a n/a n/a n/a + + - 

309 
Nerine 
‘Wolsey’ 

Nerine sarniensis 4 n/a n/a n/a n/a - - - 

322 
Unidentified/33
2 

Not confirmed 13 n/a n/a n/a n/a + + (+) 

329 Unidentified Not confirmed 13 n/a n/a n/a n/a - - - 

232a 
Nerine ‘Miss E 
Cator’ 

Nerine sarniensis hybrid 12 n/a n/a n/a n/a + + - 

232c 
Nerine ‘Miss E 
Cator’ 

Nerine sarniensis hybrid 12 n/a n/a n/a n/a + + + 

232d 
Nerine ‘Miss E 
Cator’ 

Nerine sarniensis hybrid 12 n/a n/a n/a n/a + + - 

232e 
Nerine ‘Miss E 
Cator’ 

Nerine sarniensis hybrid 12 n/a n/a n/a n/a + - - 

nzg1 'Zeal Giant' Nerine bowdenii x sarniensis hybrid 11 n/a n/a n/a n/a + + - 

nzg2 'Zeal Giant' Nerine bowdenii x sarniensis hybrid 11 n/a n/a n/a n/a + - - 

nzg3 'Zeal Giant' Nerine bowdenii x sarniensis hybrid 11 n/a n/a n/a n/a + - + 

nzg4 'Zeal Giant' Nerine bowdenii x sarniensis hybrid 11 n/a n/a n/a n/a + + + 

nzg5 'Zeal Giant' Nerine bowdenii x sarniensis hybrid 11 n/a (+) (+) (+) + - - 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

nzg9 'Zeal Giant' 
Nerine bowdenii x 
sarniensis hybrid 

11 n/a n/a n/a n/a + - + 

W1 
Nerine sarniensis var. 
curvifolia 

Nerine sarniensis 8 n/a n/a n/a n/a - - + 

W2 Nerine undulata Nerine undulata 8 n/a n/a n/a n/a (+) + + 

W3 
Nerine sarniensis var. 
corusca 

Nerine sarniensis 8 n/a n/a n/a n/a (+) + (+) 

W4 Nerine undulata Nerine undulata 8 n/a n/a n/a n/a - - - 

W5 ‘Shardlow Beauty’ Nerine sarniensis hybrid 8 n/a n/a n/a n/a + - + 

W6 X amarine tubergenii 
Nerine hybrid x amarine 
tubergenii 

8 n/a n/a n/a n/a + (+) - 

W7 Nerine Not confirmed 8 n/a n/a n/a n/a + - + 

W8 Nerine Not confirmed 8 n/a n/a n/a n/a (+) - + 

W9 Nerine Not confirmed 8 n/a n/a n/a n/a + + + 

W10 Nerine Not confirmed 8 n/a n/a n/a n/a + (+) + 

W11 ‘Elegantissima’ Versicolor type 8 n/a n/a n/a n/a + + + 

W12 Nerine sarniensis Nerine sarniensis 8 n/a n/a n/a n/a + - + 

W13 
Nerine sarniensis var. 
corusca ‘Major’ 

Nerine sarniensis 8 n/a n/a n/a n/a - - + 

W14 Nerine ‘Kamara’ Nerine sarniensis hybrid 8 n/a n/a n/a n/a - - + 

W15 
Nerine sarniensis 
‘Kilpfontein’ 

Nerine sarniensis 8 n/a n/a n/a n/a - - (+) 

W16 Nerine Not confirmed 8 n/a n/a n/a n/a - - (+) 

W17 
Nerine x versicolor 
‘Mansellii’ 

Versicolor type 8 n/a n/a n/a n/a - + - 

W18 
Nerine sarniensis 
'Rosea' 

Nerine sarniensis 8 n/a n/a n/a n/a + - + 

W19 
Nerine sarniensis red 
flowered 

Nerine sarniensis 8 n/a n/a n/a n/a + - + 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

W20 
Nerine sarniensis 
salmon pink flowered 

Nerine sarniensis 8 n/a n/a n/a n/a - + + 

W21 Nerine vega unknown 8 n/a n/a n/a n/a - + + 

W22 Nerine peersii   Nerine peersii   8 n/a n/a n/a n/a - - + 

W23 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - - + 

W24 Nerine peersii   Nerine peersii   8 n/a n/a n/a n/a - + (+) 

W25 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a (+) (+) + 

W26 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - (+) (+) 

W27 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - + + 

W28 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a + + (+) 

W29 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a + + (+) 

W30 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a + + + 

W31 Nerine humilis ‘Ceres’ Nerine humilis 8 n/a n/a n/a n/a - - + 

W32 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - + + 

W33 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - - + 

W34 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - - (+) 

W35 
Nerine humilis 
‘Stormvlei’ 

Nerine humilis 8 n/a n/a n/a n/a - + + 

W36 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - - + 

W37 
Nerine sarniensis 
‘Alba’ 

Nerine sarniensis 8 n/a n/a n/a n/a - + + 

W38 
Nerine sarniensis 
'Bettys Bay' 

Nerine sarniensis 8 n/a n/a n/a n/a (+) + + 

W39 
Nerine sarniensis rose 
pink flowered 

Nerine sarniensis 8 n/a n/a n/a n/a - + + 

W40 
Nerine sarniensis 
'Hammonshoff' 

Nerine sarniensis 8 n/a n/a n/a n/a + - + 

W41 Nerine undulata ‘Alba’ Nerine undulata 8 n/a n/a n/a n/a - + + 
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Table of potyvirus dipstick, dot blot and RT-PCR survey results continued 

    Dipstick 
 

Dot blot RT-PCR 

    CP CP RdRp CP CP CP CP 

Number Name Type Region Poty NeLV NVX NeYSV NeLV NVX NeYSV 

     (MZ643994) (MZ643995) (MT396083) (MZ643994) (MZ643995) (MT396083) 

W42 
Nerine sarniensis 
‘Komoriva’ 

Nerine sarniensis 8 n/a n/a n/a n/a - + + 

W43 Nerine peersii ‘Major’ Nerine peersii   8 n/a n/a n/a n/a - - + 

W44 
Nerine humilis 
Breachiae group 

Nerine humilis 8 n/a n/a n/a n/a - (+) + 

W45 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - + + 
W46 Nerine humilis Nerine humilis 8 n/a n/a n/a n/a - - + 

W47 
Nerine unamed pink 
dwarf 

Not confirmed 8 n/a n/a n/a n/a + (+) + 

W48 Nerine sarniensis Nerine sarniensis 8 n/a n/a n/a n/a + + + 

 

Summary of plant material collected and tested using potyvirus dipstick, dot blot and RT-PCR methods. The first column shows the accession number given for this 

project, the second column contains the name of the accession, the third column contains the type of Nerine, the fourth column contains the region code showing 

what part of the UK the material came from, the fifth column shows the potyvirus dipstick results, the sixth, seventh and eighth columns show the dot blot results and 

the ninth, tenth and eleventh columns show the RT-PCR results. Some Nerine cultivars have uncertain parentage and so correct type may not be listed. Symbols + 

positive, - negative, (+) weak positive.  
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Appendix 6 Results of virus infection identified in Nerine from Tasmania and 

New Zealand, presented alongside results from the current study. 

 Total 
single 
(2084) 

Total 
mixed 
(2084) 

Total 
single 

(5) 

Total 
mixed 

(5) 

Total 
single 
(137) 

Total 
mixed 
(137) 

NeLV 37.1 unknown 80 100 8 51 

NVX 103 unknown 100 100 15 56 

NeYSV 0 unknown 80 100 21 62 

       

Reference Limbath et 
al. (2000) 

Limbath et 
al. (2000) 

Pearson et 
al. (2009) 

Pearson et 
al. (2009) 

This study This study 

Total NeLV, NVX and NeYSV single and mixed infections shown as percentages, sample numbers 

in brackets, identified in Tasmanian nerines (Limbath et al., 2000), New Zealand nerines (Pearson 

et al., 2009) and UK nerines in this study 

 T1-96 
(1500) 

T1-98 
(420) 

T2-98 
(164) 

NZ-PN 
(5) 

UK-SW 
(36) 

UK-SE 
(65) 

UK Mid-
North 
(36) 

NeLV 35.7 55.9 1.8 80 11.1 3 5.5 

NVX 10.9 5.9 15.8 100 5.5 13.8 11.1 

NeYSV 0 0 1 80 5.5 20 4.3 

        

Reference Limbath 
et al. 
(2000) 

Limbath 
et al. 
(2000) 

Limbath 
et al. 
(2000) 

Pearson 
et al. 
(2009) 

This study This 
study 

This study 

Percentage of NeLV, NVX and NeYSV infections in nerines from Tasmania, New Zealand and UK. 

Tasmania T1-96 and T1-98 were samples from the same site at different times, T2-98 was a 

different site. New Zealand nerines were from a single area. UK nerines were from 13 locations, 

grouped into regions (SW, SE and Mid-North). 

Type Samples NeLV NVX NeYSV Reference 

N. fothergilli  520 35.3 25.5 0 Limbath et al. (2000) 

      

N. flexuosa  580 78.6 0 0 Limbath et al. (2000) 

 2 0 50 0 This study 

      

N. sarniensis  627 16.4 12.9 0 Limbath et al. (2000)/ 

 25 40 44 56 This study 

      

N. bowdenii 318 15 0 0 Limbath et al. (2000) 

 14 35.7 35.7 57.1 This study 

      

N. humillis 19 21 57.8 100 This study 

      

N. bowdenii x 
sarniensis 

14 78.5 50 57.1 This study 

      

N. undulata 3 33.3 66.6 66.6 This study 

      

Nerine sp.  27 3.9 3.9 0 Limbath et al. (2000) 

 5 80 100 80 Pearson et al. (2009) 

 62 48.3 51.6 48.3 This study 

Table 7.2 Percentage of NeLV, NVX and NeYSV infections in different types of nerine from all 

samples per study as identified in Tasmanian nerines by Limbath et al. (2000), New Zealand 

nerines by Pearson et al. (2009) and UK nerines in this study. 
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Appendix 7 Annotation of RNA1 and RNA2 secoviridae-like sequences 
 
RNA1 nucleotide sequence and then annotated amino acid sequence is 

presented, followed by RNA2 segment. Nucleotide sequence in bold represents 

the potential UTRs. 

 
RNA1 

>LTSA_31_NaomiB_S9_TRINITY_DN0_c0_g1_i2 len=6767 path=[0:0-1010 1:1011-6711 3:6712-

6766] 

TTTTTTTGCTAGTTTACCTTTTTAACACTTGTGATTTAAAATCCGTGCACTGATTTTAAT 

TCCCAAACATTAAAAAGTTCCTAATCTACATTCACACACACAGAAAGAACTCAGATAACT 

GAGGTGCTACCGGGTACACATTGGGCCCCATCGCATAGCATGTCTCAATTAGAGAGTGAA 

CGCAGGCGAGTCTCATAAGACTCTTTATTCATACAAACATAAGTTCGGACCTTATGTCCA 

AGAAAACACACCAGAAAACAAACACATAATTTACATATTGTGGTAGGTCGTTGGTGGCGG 

TATCCGCTATAGTGGGACAACACTAGCCAATATCGTCGGACTAAACGTAGTTTCAGATAC 

CAAACTAACAGGCAGAGGTTGGTTTACTGTGATACCAACAAACACGTCAGATCTGTTGAG 

CAGATCCCTCCACTCGAGTGACTAGGTCGAGCTTATTACAGTCAATCCCATTCTCGGGGG 

GGTCCCGGATCAATGTCGTTGAATCAAACGCTCTGCTACGTGCAGAGAACACGGCTGAAG 

TGATGTCGGGTCAGCTCCCCGGACTACCTGCCAAATGAATGACAACAGTAGTCCACTGGT 

TCCCAAACTAGCGAACCAGTAAGGCTTCAGTGTCACAAGCCAATTAAGGCCTAGTAGTTT 

TACATCTTCGGATGAGTGCCACTTTGGTAGGAAACACCTCTGGTTTAAAAGTAAACCAGT 

AACCCAGCTAAACACACACAATGAAGTGCAGGAATAGCTGTCGATTTCCAACTACTAGCA 

AATCGACAAAGCTTCAGTATCTGAAGTCAATTAAGACCCAGTAGTTTACCGTCTTCAGAC 

CACGCATTCCGCTTTGGTGGGACAACACCTCCGATTTGAAAGTAAACCGGTAACCCGGGC 

AAATACACGCAATAAAGCGCAGACTTGCCCCTCAGTTTCCAACTACTAGCAAACTGAGAA 

AGCTTCAGCAACTGAGATCAATTAAGACCCAGTAGTTTAACGTCTTCGGACATATTCGGA 

CATGAATCATGAGGCTCGCGCTCCAACCATATGAGTGAAAAGATTGGAGAATATATTGTA 

AGCCTTATCAGACAATCCTGCTAACCACGAATTGCGGTCGAAAGAATCAGCACCAACAAA 

ACAGGCCAGGGCAACGGAGATGGCATGTGCCAACTCAAGGTCATTATCACTAATAACACA 

TAAGTGATTCTTAGTATCAGTGACATCCTTAAGCGCAATAGAAGCCGCAAACACAAGGTC 

CTTGCCTTCAATAATTTTCAAAAGGAGCTGAGCGAGGTCGCCTGGACCATAATTAACAGG 

GATGAAATGATGCGTAGAGGAGTTCACCTGCTTTATGTAATACTTACTCGTGCTGGCAGT 

GAGGAATATAGTGTCAATCTTATTAACGCGATTCCTCAAGTTATTCTTATTCACGAATCT 

TGCCGTGGCACAATGAATACCACCGTAATCTCCAGGGCCTGATGTAGTAATATGTCGTAT 

TCTCCTCAACGGGTCCTCAAAATATATCGGCAGTGATTCATTTTCGCGCTGGTTTTGCCA 

AAAGAAAGCGCAATCATCGATGGTAGGCAGACGAATATCATACCAACCCTTATTTGCCAG 

AGCTCGGCCCAACCTGGCACGCCATTCATTGAAATAAACATCCCCATGCTGGAACGCCTC 
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ACGTAAAGAATTTTCAAGATTCACAACAAGTGCTTCACGATCATCATCAGAATGTTTGAT 

CCAGTAAACTTGATTTTCTATAGATTCACGCGCAAGAGGACAGCAATACCAACCGTTTGA 

AGATTTCACCCACTTGCGTTTCAGGAAATCTATGTCTTCGAAATTCATACGAGGAGTGAG 

CACGCCTGTCTTCTGCCCATCAGTCAAGGTAATGTCGAAGGTTTTGAGATAGGCAGAAAT 

CGATACGAGATTGTACCAATGCCCAACAACATTGGAGAAGGAAACAACGTTGTCATCTCC 

GTAAACAGACATATGCACGTGAGTGTCAAGGTCTTGATCACGCTGCAATAAGGGTTGATG 

AATCTTTGCAAGGTGAAACCATGACATTTTAAGATATAACTCATTCACAATGGAGTTGAC 

CATAACAGTCAGCGCAAAGCCTGATGGTGTCCCTCCAACAATCTTGTAAGCTTTGTTACC 

AATTAACATCTTCCTCGTGACCGCAGCCGTTATCAAATTTCTGCGCACACACCGGGCTTC 

CATGCCATCATTCGCAAGATCAGATATCATATCGGCAATCAGTTCTAACAGTCCTGGATG 

CGTATTAGAATCGAAACCACTATAATCGCCACAAAAGTGATTCGCATAAGCCTGATGGCG 

CAAAGCCATATCATCCCAAGCGAAACTATAGGGATTCAAACCAACTTTACATGGTACGAT 

CATGTGGTGCTTCATCAACCACTGCATCCAAAACATGAAATATTTACGGATAGCCAGGTT 

GAATGTGAAAGGCAAAATTTCAAAAATCCTTGTCTTGGGCTCCTCATAGATTTTCTTCAA 

TTTAGTTTTCTCGTCCTTCGCACAAGCAATCGTGAAAATCTCGGGGGGTTGTTGCTTGGC 

AACGTCCACAATTTCATGCACATCCTTAATCCAGTCGCCTTTTGGATATCTCCTTCCATT 

TATTTCCTCAAAGAAGCGCTCTTTCCCTTTGTCACCAGGCTTGCGCTCACAGCAATAAGG 

GAAACCTTCCGAAGTCCCAATTGGCAAGGCTTCAGCATATTCAAGCCCCGGCACCCCTTG 

AATTGCCACTTCGTCAGAACAAACAGTGTCAACTGGGAAGCGAGCAGGTCGCAGGACTTG 

CCATTGTGCTTGAATATTCCTCTTGGCTCGCATGAGAGGTCCATCATGGGAAAAGTCGAA 

AGGACCAGCAACAGTGTCAAATTTTCGTAGCCCAGCGTCATAAGGATCAAAAGGAATTGG 

TGGGCGCGGATCCATAGCCGAGAGAACAGTAGGCTCAACAGTGGAAGGTCCATTTTCTGC 

CACAATTTCATCATAAATCGGACTCCGAATGATTTGTGATTTTGTCAACTTAGGAATCGA 

AACGTTGACGCTACCACAATACGTGACCATGGGAGTAATCTGTTCCTCGACACAATCAAG 

GAAAATTTCCCCTTGCACAGCCTCATTGTCACTGAAAAAGAACTTGGGAATTTCACTGAA 

TCTAGATAAATTCGTGCCCCCAAAGTTATGAACGCCGGCAATCTTCAAAGTTCCGCTCTC 

CTCAACCAAAGCAAGTCTTCCGCACATGCCGGCACGACCAGGAATTGTAGACTTAAAAGT 

CTTGTCGTTTCGCCAAGTCATGCGAGACTCTTGGTGGAAAAATTCATCAACAACTGCATT 

CCGCTCGCACATGGTGACAAGTGGATCATGACTTACATTGTTATTCATATTTGACATAAT 

GTACGCCTTGAAGTGCATAGGCCCATTTGTCGCCCGCTCGTAATCGATGTGTGGATAAGA 

AGGCACAGCAGGAATTCGTGTGGAATAAGTGACCAAACACAAATTGCCATATTTGACATT 

GCCACTTTCTGGGAGACATTCAAACTTTACGCTCTTTGTTGGGTCCAAGAAAAATTGCGT 

TCTCTCACCAGACCCCGAAGAAAGAATACTGGGCAAATTCCAGTTCATGATAAAGAGATA 

GTGGGTAGGCAAGAGAAGCTTCCTAGTTCCAACACAAACACCATAAATTGTGCGAAAGGC 

TCCACCATTAGCCTTCGAAGCTCCCTCGATCTGAACACGCGCTTTCTCACATTTATCCCA 



244 
 

GGCTCCAACATGTGGAACATCATGAGCGGCGCCTGATTGCACGCTAAAACCTCGTATGGC 

ACGCCTCGCCGCTCTAGAAACCCGCTCATCTCCTCCAGACGAGGTTCCTTGGAGAGTCTC 

AAAGGAGGTGAATCCCAAAAGAGCCCCAACAAAAGCAGCAGCAGAAGAACGTAAAACGCC 

AGAAATGACTCCAAAAGCTTTATACAAAACTGCCCCTCCGGCAAACAATGCAAAAATGGA 

AATAGTCCACTTCAACCAGAAAGGCAAAGCATCCCACAAAGTCTTGCAATCCAGATTCGA 

TAGTAATGCGCGCAATTCCCGAAAAACGTTTATTTCGCGCATTCTTTCAATACGGTAGTC 

ATTTTCAACTATCAAGAGATATCGGACAGCATCGCCAAGCGAGTCCCAAGTCTCCTCAAA 

ACTCCGCATGACTTGCAGGTCTTTTGATCTGCACAAGACTTTAGTCCCGCTATGATCTAA 

ACCATCGCACAAAGATAAAAACTCATTGTACAATGTGAGATCCATGTCGTTTATTTGGCA 

AAACAAGCGCTGAGCAGCAACCATATCAAAAATTGTGCGCCTGTTGTGGATCATTTGAGA 

ATAATTTATCTCATCTTCAGTCCATTCCACCCCAACAATCTCATTCCCAGCATAATCAAA 

GAATTTGCCTCTACCTAGGCAGAAAATTTCACAATGGCCGGAATCATCATCAACGCGCCG 

TCTGAAATTTGGGCAGTCCCCACCATCAGAAATGCAACGATCCACGGAGAAAGTTGCAAG 

AGCATTTTCAATAGGACTTGCCTGAACAGCTTCATCAGGTGCCACAGCTCGCCTTTCAAC 

AAGTAATCGTTCAATACTAGAACGAGCTGTTCGTTCCTTATCTCGAAATTCACGTGCCTT 

GGCACTGGTGTGTTGCAGCATCTCAAGATACGTGACACGAACAAGATTTTCTTCGGAAAT 

TCTGTCAACGACACTGTCACGCAGAGTGAAACGCATATTGCTGTAACAGCACGCAGGATC 

ATATGGAACGTCTGGATCAAGCTCCACCTCCCACAAGACATGCCTACGCCGATAAAAAGC 

GTCAGTATCAGCCATGGAGCACCCTGGCGTAACTGAGAGTCTGTTAGTGCATGCAACTAT 

ATACCGGGAATCAAAAGGACGCCCCTTCTCCTCAACGGCAGCCATGGGAATAAGATACGG 

ATTGCATGAGACCAAAGGGATCAATGCAACTTCGTCGAAAGTGCCATTGACTTGAGCCGC 

TTGCGCAAAATCATCAAAGAGTACCAAAGGTTGTCGAATGTAGCCTGACCAGTACGAATC 

GCCGGGATTTCGCGCATAGATGCGATCGTGTGTGGGCTCTTCCATGTCATCCAATAGCAT 

ATTAGAGAAAATTCTTGCCATGGTAGACTTTCCACATCCAGGCTTCCCATAAAAGAAAAC 

ACTGAAAGGAGTTTCACGAAAAGTGTTTACAATCTTACTCTGAACCAATTTATCGTAAAA 

CTCGCGAATCGTCTTCTCGCAAGCCAAAAATCGCTGGCGCAGGGCAAAAGTCGAACCATT 

GTCAGATGTCATTAGATAATTGGAAATCTTCTTCCCTTGGTCGATAAGTTCGCGAGTTTT 

CTTGAAAACCTCGGCAGTAGACATATCCGCTGTGTTGCCCCGAACCACCACGTCTTCACA 

TGAATCCAACCAATCCTGGATGCCAATACCAGTGTGCAGCAAAAGGAGCTGAGCAGCACC 

AGCCGAAGCCACATCGCTCGAAGCAAGCTTTTTGAATAACCACTCAGAAATAGCAGCTAT 

CATTTTACTACACTTATCCACCCCATCATAAGTATTCTTGACAAAACTAGATGAATAAGA 

GATCCTGTGTAGCCACGAGCGGTGTTCGCCATCCATAAACAAAGATATAGCTGCAATAAC 

CGCACCAAAGATGGACAGGTCCAATAGACCGTCCTGTATAGCTTCAGTGGTGCCTTCCTC 

AGTCAGATTGGCAACACTCTCGTCATTTAAGCCGGCAACGCAAGCCTCAACGCGAAAGAA 

ATTGCGTATGACATTGACAAATTCAACTTTCTGCGATGCAGGCAAAGAAAGCAAAGCAGC 
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AACACCTTCCTTGATTCCAAGAACGGAACCAATAAGCACCAAAATTTCTATCAATCGAAA 

GGCACTCATGGAATAAGCAGGAGCAAAGTATTGCAAAAGTTTGTTCAACAAAAAGAAAAC 

GTTAGCGGTAACAAAAATACCACAAATGAGTGGCAACATGTAAGAAAAATGATTCAGCAT 

ATTCTGCATTTTCTCAAACGCTGTAGTAAAAAGCTGGGTCAATTTCGTCTTAATACCAAC 

AAAGTAATCGGTAGCATTGTTAATTAAAGCAGCTACCCAATCAAAGGCACCGAGAATTTT 

GTCCACCACCACGTTCATCTTCTCCATAAGAGAGACAACGTTAGGGCAGACGTTAGAAGT 

AGCCGCACTAACGAGAGAGCCGCAAATCTTGGATCCAACATTAAACATGAAGCCCCGCAG 

CACTTCATAACCTAAGTTTAACGGGCCCTGCACCTCCTCTGACACCATAGGTGGATTCGG 

TATTTCAATATCGTTTCCGTGTATAACCTCATCAAGCAGGGAAGATCTAGAAAACCATTG 

TTCAGTAGAATCTAAACAGGTTCTACCATGGGCAAAGTATATCAATCTTTTCAAATGCCC 

GCTCTCGAGGAAAGCATGAGCCATGTCATGCATCTCATGTTCCTTATTTTGCAAGACGGC 

CTCAGCAGTGGCCACTTTTGTCACAAATTGCCATTTGGATTCTTGGGTTCTAAGGGAAGG 

AGGGGTCAACCAACCGCGCAAATAAATGCGTTTCGCCATTTCAAAATTTCAGAGGTCTAA 

AGGACATTGAACGACCAGAGAAATCGATGAAAGGAGAGATCAAGTAAACAAGAAAAGAAA 

AGAACCAATCCCCTTGGGAATTGGGTTTGCCTTATTTCTAAGGCTTG 

 

RNA1 amino acid sequence, yellow is Co-Pro, green is Helicase, blue is Pro and 

purple is RdRp. 

 

>EMBOSS_001_4 
SLRNKANPIPKGIGSFLFLFT*SLLSSISLVVQCPLDL*NFE 
MAKRIYLRGWLTPPSLRT 
QESKWQFVTKVATAEAVLQNKEHEMHDMAHAFLESGHLKRLIYFAHGRTCLDSTEQWFSR 
SSLLDEVIHGNDIEIPNPPMVSEEVQGPLNLGYEVLRGFMFNVGSKICGSLVSAATSNVC 
PNVVSLMEKMNVVVDKILGAFDWVAALINNATDYFVGIKTKLTQLFTTAFEKMQNMLNHF 
SYMLPLICGIFVTANVFFLLNKLLQYFAPAYSMSAFRLIEILVLIGSVLGIKEGVAALLS 
LPASQKVEFVNVIRNFFRVEACVAGLNDESVANLTEEGTTEAIQDGLLDLSIFGAVIAAI 
SLFMDGEHRSWLHRISYSSSFVKNTYDGVDKCSKMIAAISEWLFKKLASSDVASAGAAQL 
LLLHTGIGIQDWLDSCEDVVVRGNTADMSTAEVFKKTRELIDQGKKISNYLMTSDNGSTF 
ALRQRFLACEKTIREFYDKLVQSKIVNTFRETPFSVFFYGKPGCGKSTMARIFSNMLLDD 
MEEPTHDRIYARNPGDSYWSGYIRQPLVLFDDFAQAAQVNGTFDEVALIPLVSCNPYLIP 
MAAVEEKGRPFDSRYIVACTNRLSVTPGCSMADTDAFYRRRHVLWEVELDPDVPYDPACC 
YSNMRFTLRDSVVDRISEENLVRVTYLEMLQHTSAKAREFRDKERTARSSIERLLVERRA 
VAPDEAVQASPIENALATFSVDRCISDGGDCPNFRRRVDDDSGHCEIFCLGRGKFFDYAG 
NEIVGVEWTEDEINYSQMIHNRRTIFDMVAAQRLFCQINDMDLTLYNEFLSLCDGLDHSG 
TKVLCRSKDLQVMRSFEETWDSLGDAVRYLLIVENDYRIERMREINVFRELRALLSNLDC 
KTLWDALPFWLKWTISIFALFAGGAVLYKAFGVISGVLRSSAAAFVGALLGFTSFETLQG 
TSSGGDERVSRAARRAIRGFSVQSGAAHDVPHVGAWDKCEKARVQIEGASKANGGAFRTI 
YGVCVGTRKLLLPTHYLFIMNWNLPSILSSGSGERTQFFLDPTKSVKFECLPESGNVKYG 
NLCLVTYSTRIPAVPSYPHIDYERATNGPMHFKAYIMSNMNNNVSHDPLVTMCERNAVVD 
EFFHQESRMTWRNDKTFKSTIPGRAGMCGRLALVEESGTLKIAGVHNFGGTNLSRFSEIP 
KFFFSDNEAVQGEIFLDCVEEQITPMVTYCGSVNVSIPKLTKSQIIRSPIYDEIVAENGP 
STVEPTVLSAMDPRPPIPFDPYDAGLRKFDTVAGPFDFSHDGPLMRAKRNIQAQWQVLRP 
ARFPVDTVCSDEVAIQGVPGLEYAEALPIGTSEGFPYCCERKPGDKGKERFFEEINGRRY 
PKGDWIKDVHEIVDVAKQQPPEIFTIACAKDEKTKLKKIYEEPKTRIFEILPFTFNLAIR 
KYFMFWMQWLMKHHMIVPCKVGLNPYSFAWDDMALRHQAYANHFCGDYSGFDSNTHPGLL 
ELIADMISDLANDGMEARCVRRNLITAAVTRKMLIGNKAYKIVGGTPSGFALTVMVNSIV 
NELYLKMSWFHLAKIHQPLLQRDQDLDTHVHMSVYGDDNVVSFSNVVGHWYNLVSISAYL 
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KTFDITLTDGQKTGVLTPRMNFEDIDFLKRKWVKSSNGWYCCPLARESIENQVYWIKHSD 
DDREALVVNLENSLREAFQHGDVYFNEWRARLGRALANKGWYDIRLPTIDDCAFFWQNQR 
ENESLPIYFEDPLRRIRHITTSGPGDYGGIHCATARFVNKNNLRNRVNKIDTIFLTASTS 
KYYIKQVNSSTHHFIPVNYGPGDLAQLLLKIIEGKDLVFAASIALKDVTDTKNHLCVISD 
NDLELAHAISVALACFVGADSFDRNSWLAGLSDKAYNIFSNLFTHMVGARAS 
*FMSEYVR 
RR*TTGS*LISVAEAFSVC**LETEGQVCALLRVFARVTGLLSNRRCCPTKAECVV*RR* 
TTGS*LTSDTEALSIC**LEIDSYSCTSLCVFSWVTGLLLNQRCFLPKWHSSEDVKLLGL 
NWLVTLKPYWFASLGTSGLLLSFIWQVVRGADPTSLQPCSLHVAERLIQRH*SGTPPRMG 
LTVISST*SLEWRDLLNRSDVFVGITVNQPLPVSLVSETTFSPTILASVVPL*RIPPPTT 
YHNM*IMCLFSGVFSWT*GPNLCLYE*RVL*DSPAFTL*LRHAMRWGPMCTR*HLSYLSS 
FCVCECRLGTF*CLGIKISARILNHKC*KGKLAKK 
 
Pro-Pol 431 aa 
CGRLALVEESGTLKIAGVHNFGGTNLSRFSEIP 
KFFFSDNEAVQGEIFLDCVEEQITPMVTYCGSVNVSIPKLTKSQIIRSPIYDEIVAENGP 
STVEPTVLSAMDPRPPIPFDPYDAGLRKFDTVAGPFDFSHDGPLMRAKRNIQAQWQVLRP 
ARFPVDTVCSDEVAIQGVPGLEYAEALPIGTSEGFPYCCERKPGDKGKERFFEEINGRRY 
PKGDWIKDVHEIVDVAKQQPPEIFTIACAKDEKTKLKKIYEEPKTRIFEILPFTFNLAIR 
KYFMFWMQWLMKHHMIVPCKVGLNPYSFAWDDMALRHQAYANHFCGDYSGFDSNTHPGLL 
ELIADMISDLANDGMEARCVRRNLITAAVTRKMLIGNKAYKIVGGTPSGFALTVMVNSIV 
NELYLKMSWFHLAKIHQPLLQRDQDLDTHVHMSVYGDD 
 

RNA2 
>LTSA_31_NaomiB_S9_TRINITY_DN0_c0_g1_i1 len=5484 path=[0:0-1010 2:1011-5428 3:5429-
5483] 
TTTTTTTGCTAGTTTACCTTTTTAACACTTGTGATTTAAAATCCGTGCACTGATTTTAAT 
TCCCAAACATTAAAAAGTTCCTAATCTACATTCACACACACAGAAAGAACTCAGATAACT 
GAGGTGCTACCGGGTACACATTGGGCCCCATCGCATAGCATGTCTCAATTAGAGAGTGAA 
CGCAGGCGAGTCTCATAAGACTCTTTATTCATACAAACATAAGTTCGGACCTTATGTCCA 
AGAAAACACACCAGAAAACAAACACATAATTTACATATTGTGGTAGGTCGTTGGTGGCGG 
TATCCGCTATAGTGGGACAACACTAGCCAATATCGTCGGACTAAACGTAGTTTCAGATAC 
CAAACTAACAGGCAGAGGTTGGTTTACTGTGATACCAACAAACACGTCAGATCTGTTGAG 
CAGATCCCTCCACTCGAGTGACTAGGTCGAGCTTATTACAGTCAATCCCATTCTCGGGGG 
GGTCCCGGATCAATGTCGTTGAATCAAACGCTCTGCTACGTGCAGAGAACACGGCTGAAG 
TGATGTCGGGTCAGCTCCCCGGACTACCTGCCAAATGAATGACAACAGTAGTCCACTGGT 
TCCCAAACTAGCGAACCAGTAAGGCTTCAGTGTCACAAGCCAATTAAGGCCTAGTAGTTT 
TACATCTTCGGATGAGTGCCACTTTGGTAGGAAACACCTCTGGTTTAAAAGTAAACCAGT 
AACCCAGCTAAACACACACAATGAAGTGCAGGAATAGCTGTCGATTTCCAACTACTAGCA 
AATCGACAAAGCTTCAGTATCTGAAGTCAATTAAGACCCAGTAGTTTACCGTCTTCAGAC 
CACGCATTCCGCTTTGGTGGGACAACACCTCCGATTTGAAAGTAAACCGGTAACCCGGGC 
AAATACACGCAATAAAGCGCAGACTTGCCCCTCAGTTTCCAACTACTAGCAAACTGAGAA 
AGCTTCAGCAACTGAGATCAATTAAGACCCAGTAGTTTAACGTCTTCGGACGTATTGAAC 
ATTCAGCAATCAAGTAACCGCGAGCGCCACCGCCGATTCTGCCGATTACGCTGACGACGG 
CCGCGCTTAAGTTCACGAATATGTTTCTCGTATTCATCTTCCGTATCTTCATCATCACTC 
TCAATAATTTGCAAATTCCTGTCAAAAAGAGTGAGACGACCATCATCATCAATCCTGATA 
TAAGTGGCTCCGCAAGTCTCAAAATCAATGGCTCTTATAATCCATTCTGTATCGTCTGGC 
CATATGTGTTTTTCAGTGGGATCTTTGTCAGAACAAGGACAATGGGCCCCAAAGCCAAAA 
TCAAACTTCCAACTATCACAAAAGCAACAATAGAAGTTTTCGAACCAGTACTCATATTGG 
GGTTCCTCATTAATGAAAAAGCAACCACGCATAGGAAGCCTACCACGCTGCGGATCCCAT 
GGCACATTGCATTTGACAGCTTCCTCAATGGGTAGAGTGTACAAGAATTTTGTTATGAAA 
CCCAAATCGTGAAGAACACGCATAGCCTCATTGCGAGCCAAGGAATAAATATTCAAATGT 
CTTCCTGCAGGAGGTGTGAATTCCAAATCCTCCTCAACAACATACAAACCACTGGGTAAA 
ACATGAATTTTCCCCAGGATGATACAGTGGACAAGATTCTTAAGATCGGAGAGGCGCAAT 
TGCTTCAAATTTATAGGCACAAGAGATCCAAAAATGAATTTATGAGTCTCACTCGCTCGG 
TGGTGTATAAATGGCAAGAAATATGCACACCAGAGCAAGTCGTAGTTTAAAGTCTTCGGA 
CATATCAGTTTAAAGGCCCCAGATAAACGCATGTTTCACGATATCGACTTTCTTTTTGTG 
TATCGCGATAGCTCCAAGACTCGCCTCCAACATCGATTTGACCCACTGGGCGTATCCAGA 
TCGCTATAAACTCCGAGTCATCGTCCGCAGGAAATTGAATGTACAAAGTACCATTGATAT 
CCAAGAATTTTTGACTCTGGCGCCCACGAAATTTCACGCGCGATAAATGGCGCCGCTTCT 
CAACACGAAGAAACACCGGTTGCCCACGCGTCGTTACAGAACTATTTGGAGAACCTCCCA 
GATGTGATTCAACGGTGGAAGGGGTAACTCCATAAGAGGCATCATCAAGAACATCCATTT 



247 
 

TGTGCGCAACCGTGACCGCACCAAAAATCCCACTCTTAAAATATGGTACTATACAGTACT 
CGATATCACACCGATAGTGGGTCCACCCCTGGAAAAGATCCTTATAAATGTTCATGGGAT 
CAAAAAACACCTTACCAAGCTCCAAAGTGTCACCATTGATAGTGGATTTCGCCACGTCTT 
TAGCAAACATCTTGGAGGATAAGTTGAAACTAACCGGCAATGCAACAGTACAATAATTCC 
CGAGCTTAGCTTCACGTTTGGTAGGGGTCACAATACACAACCTGGAAAAACCATTGGTGG 
AAAAATGCGAAATTCCAGGTATCGCAAGAGGAACGTCAGACCCTTGAATTGATTCTCCAT 
TGGCGTCAGCAGGTATGATAAGTTCTTCAGTGAAAGCCGTCTTCACGAGAGCATCTGTCA 
TGTGGGCCGCAGCCTGCTTACAACGAGAGGCCCTTTCGGTCAAAGTTAGGTTTAAAAACC 
TCCTGATTCTAGTGGTCACTATCACAGAAGAGTTTTCATTCCTAGAGTCAACCGTCGGGG 
GCTGGCGAAGTAAGAGCAATAATTTACTCTCTCCAATAATGCGCTCGGTTCCATCGTAAT 
CATCCTCGCCCTTGGTGAGACATTTGCCCAACCAATTGTTGCTGTTGAATTTCAAAATCG 
CATTGCGCTTATTGGCAAAGTCAATGGTGACGTGCTCAAAACGCTGAAGCACAGTTTGGG 
TGAGCCGACGTTTAGGGAAACCGCTGGGAACACAATACAAAGAACAACTGCCAGCAACAT 
TAATCCTAGCGTCGGCAGTTAATTCAACCTCGACTTCCCCATTCCAAAAATTCCACATCC 
GAAAAATACCAGCAACAGCTGGGTAAACCATGTTGGAACCTTTCTTTTCAGTGTACCCGT 
GTCCTGGGATCACACTGATCTCATACATGGACATCGCCTTAGAATTGGTTGTGAATCTAT 
GAAGCGATAACACAAAAGGCGATTCCAACTCCAAAAAATGGAAAGAGTCAGAATAATGAA 
ACGATTGAAGCTTCTGTCGCACAAGAGACACGTCAAACAAAGCCTGAGAAGAATAAATCT 
TGGAGCCCTTGAGAAGCTTGAAAGTTGCTGTCATTTGGACATCGTTAGAAATATCAAGTT 
TATGCCCCAAAGCTGCGATGCCAAACTGACCAATTACATCCTCATCCACATTCAGTGGAG 
AAAAGACACCTGTATGTCCAATAGGTTTCACACGCAAAGCGAATTCAGACAAAGAGGAAT 
GCAAGTCCAGGCAAACTGAAGGCAAGGATAACAGGCGCTTCACGTTTACAGTAGTGTCCT 
TCTTCGTGAAAATCTCATTCTCCCAAAACAAAATAAGAGGCAAAGATTGCGTCTTAGATG 
TCGAGGAAGATAAAGAGATCTCGAAAATTGGCTCAAGCACTGGATTGTACAAAACGTCAA 
GCATAATAGGCACAGGCCAGGAATTATCAAGCAAATCGTCGAATACCCGAAATGTTGCCA 
AGACTTTACCTTCACGAGCCTCCTTAGGGATCACAAAATTTGTTGAATAAATAATTCGAT 
CCTCAGTGAGCTCGTTACTACATGATAAAGGCTTTTCTTCGATGGAATCAGAGGATTCAA 
CAAGAACATCTCCCTGGATATGTTCATAATCTTCAAGTTCTTGATCCTTGTCATCAAAGA 
CCTCTTGCATACGTGTTCGCCCGCGAATTGTGGGTATGTCGAACCGTATGGAACGATTGT 
TTTCCTCATGTTTGGCCCAATGGGAAATGGCCGAATTGGATGTGCCAGGATTATACTTCA 
AAGATGAGAATTCATGGCCCCAAGGCACAACCACAGAGTTAACAGCAGGCTCATTGGGCT 
TGTGTGGTATGATGGGGGTGGCATTGTGGACGCTAGGCTCATAATTGGCACCGGTCGTGT 
GTTCAAGAACCCCTTTATTGATGTGCAATTTGTGCGGGTTCACACTCACCTCGCCAACCA 
AGACTGTGGTGGTAGTGCCGACCACTGATTTTGGTTTCAAATCGAAACCACTACCAATGG 
TCATAACTTCCAACGCACTGTCCAGGTGGGGATCGCGTGTGCTTAACCGAAACATAGGGA 
AGAACACAGAACTCGAAGTACCAGCAACATTTCCCTGATGAATATGACCACCCAAAATTC 
CCTTTTCAGGGCACAAACAACGGCCATCCCTCGCAACAACAACCATGACACCGTTGTTAG 
AAGCAGGTACAGTAAGAGTGGAATTGAGAGCAACTGCCTCAAGCACAATGGTTTTGGGCT 
GTATGGCAGTGTACTTCAACTCCTCCTTCGTAGCCAAGACCTCTTCAGCTGAATCAATCT 
CACCTAAGGAGGACAAAGGAATACTTGAAGTTTCTATTGTGTCCTCCATGGCGTCAACAG 
TACCCAAGCTGCTGGAAGCAAATGATACGAAAGTTTTCTGTTTGCCAAATAATTCCAGCG 
CTTTTCTCAAGTTCTTCTTCGGATGCAAGGCACCCTTCTCCAAGCTCTTGACCAATTCCT 
TGGTATAAGGCGAAGAGTAATCAGCAACTTTAATTTCCTTGGCTCTGACGGCCAGGGACC 
TAGCAAGATCCGATGCTGACTTGTCAAATTTTTTTCCCGCCTCAGAATAGACCTCCTGCA 
AATGCTTGGAAGCCATCTGAATACGACTGTTATAACATCTTAGAATACTTACGCAAAAAC 
CCGAACAAGAATTGAAGCATACACGTAGAAAGCTGTATAACTTGACACTATACACACAGA 
AGCGAGAATAGTGTACGGCATAATTTATCTTATACAGATATAAACAACTAGCGCGACAGA 
TGGAAAATAAAAATTGCGCAGCGTACTGGGCGCACACACAAATTGAAAACAAAAGAAAGA 
AGATAATGCCAAGAAGAATAGCACTAACCGAAAAGAAGTAAAAGGGAACCTTAAAAGGAA 
GAGGAGAATTGTTGGAAATTGCACGTGAAATCTTAGTAACATGCCTCACAACAGTATCGC 
CGAGTTGGAACCCTCGAGCTTGACATTTGCGTTTTTCTTGCTGGCGTTCCCACTCTCTAA 
AGGACATTGTGCGAAAGGAGGAAAAACCCAGCAATAGAAAAGAAACTCATCGATTGAGTT 
GTATCAAAGTTTCAAAGACGGCCAAGAATTGAACGATCAGAGAAACTGATGAGAAAAGAG 
ATCAAGTAAAAGGAAAAGAGAACCAATCCCCTTAGGAACTGGGTTTGCCCTATTTCTAAG 
GCTTGGTCACTGAAAGATTAAGTTAAAGAAAAAGAAAAGAACCAATCCCCTTGGGAATTG 
GGTTTGCCTTATTTCTAAGGCTTG 
 

RNA2 amino acid sequence, purple is the MP and yellow is the CP. 
 
>EMBOSS_001_5 
SLRNKANPIPKGIGSFLFL*LNLSVTKP*K*GKPSS*GDWFSFPFT*SLFSSVSLIVQFL 
AVFETLIQLNR*VSFLLLGFSSFRT 
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MSFREWERQQEKRKCQARGFQLGDTVVRHVTKISR 
AISNNSPLPFKVPFYFFSVSAILLGIIFFLLFSICVCAQYAAQFLFSICRASCLYLYKIN 
YAVHYSRFCVYSVKLYSFLRVCFNSCSGFCVSILRCYNSRIQMASKHLQEVYSEAGKKFD 
KSASDLARSLAVRAKEIKVADYSSPYTKELVKSLEKGALHPKKNLRKALELFGKQKTFVS 
FASSSLGTVDAMEDTIETSSIPLSSLGEIDSAEEVLATKEELKYTAIQPKTIVLEAVALN 
STLTVPASNNGVMVVVARDGRCLCPEKGILGGHIHQGNVAGTSSSVFFPMFRLSTRDPHL 
DSALEVMTIGSGFDLKPKSVVGTTTTVLVGEVSVNPHKLHINKGVLEHTTGANYEPSVHN 
ATPIIPHKPNEPAVNSVVVPWGHEFSSLKYNPGTSNSAISHWAKHEENNRSIRFDIPTIR 
GRTRMQEVFDDKDQELEDYEHIQGDVLVESSDSIEEKPLSCSNELTEDRIIYSTNFVIPK 
EAREGKVLATFRVFDDLLDNSWPVPIMLDVLYNPVLEPIFEISLSSSTSKTQSLPLILFW 
ENEIFTKKDTTVNVKRLLSLPSVCLDLHSSLSEFALRVKPIGHTGVFSPLNVDEDVIGQF 
GIAALGHKLDISNDVQMTATFKLLKGSKIYSSQALFDVSLVRQKLQSFHYSDSFHFLELE 
SPFVLSLHRFTTNSKAMSMYEISVIPGHGYTEKKGSNMVYPAVAGIFRMWNFWNGEVEVE 
LTADARINVAGSCSLYCVPSGFPKRRLTQTVLQRFEHVTIDFANKRNAILKFNSNNWLGK 
CLTKGEDDYDGTERIIGESKLLLLLRQPPTVDSRNENSSVIVTTRIRRFLNLTLTERASR 
CKQAAAHMTDALVKTAFTEELIIPADANGESIQGSDVPLAIPGISHFSTNGFSRLCIVTP 
TKREAKLGNYCTVALPVSFNLSSKMFAKDVAKSTINGDTLELGKVFFDPMNIYKDLFQGW 
THYRCDIEYCIVPYFKSGIFGAVTVAHKMDVLDDASYGVTPSTVESHLGGSPNSSVTTRG 
QPVFLRVEKRRHLSRVKFRGRQSQKFLDINGTLYIQFPADDDSEFIAIWIRPVGQIDVGG 
ESWSYRDTQKESRYRETCVYLGPLN 
 
*YVRRL*TTTCSGVHISCHLYTTERVRLINSFLDL 
LCL*I*SNCASPILRILSTVSSWGKFMFYPVVCMLLRRIWNSHLLQEDI*IFIPWLAMRL 
CVFFTIWVS*QNSCTLYPLRKLSNAMCHGIRSVVGFLCVVAFSLMRNPNMSTGSKTSIVA 
FVIVGSLILALGPIVLVLTKIPLKNTYGQTIQNGL*EPLILRLAEPLISGLMMMVVSLFL 
TGICKLLRVMMKIRKMNTRNIFVNLSAAVVSVIGRIGGGARGYLIAECSIRPKTLNYWVL 
IDLSC*SFLSLLVVGN*GASLRFIACICPGYRFTFKSEVLSHQSGMRGLKTVNYWVLIDF 
RY*SFVDLLVVGNRQLFLHFIVCV*LGYWFTFKPEVFPTKVALIRRCKTTRP*LACDTEA 
LLVR*FGNQWTTVVIHLAGSPGS*PDITSAVFSARSRAFDSTTLIRDPPENGIDCNKLDL 
VTRVEGSAQQI*RVCWYHSKPTSAC*FGI*NYV*SDDIG*CCPTIADTATNDLPQYVNYV 
FVFWCVFLDIRSELMFV*IKSLMRLACVHSLIETCYAMGPNVYPVAPQLSEFFLCV*M*I 
RNFLMFGN*NQCTDFKSQVLKR*TSKKX 
 
 
 

 

 


