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 Abstract 
 

Sugar beet (Beta vulgaris vulgaris), which contributes for 20% of the worldwide sugar 

produc3on, is one of the most recently domes3cated crops. It was domes3cated from the 

wild sea beet, Beta vulgaris mari.ma, s3ll growing on European coasts. The beet system is a 

model for maintaining a sustainable crop produc3on in a scenario of human popula3on 

growth and climate change. Crop wild rela3ves are now considered a source of traits to 

improve their domes3cated counterparts, especially regarding disease resistance.  

 

Construc3on of a sea beet pan-genome consis3ng of eleven sea beets from England, 

Denmark, France and Spain marks an improvement in both con3guity and completeness 

compared to published data.  

 

These pan-genomic data, along with the whole-genome re-sequencing of hundreds of wild 

sea beets sampled mostly in England, facilitated a k-mer-based associa3on study for beet rust 

resistance. Five candidate NLR loci are iden3fied, among which one locus appears in dis3nct 

controlled inocula3on trials involving different English rusts, as well as in naturally inoculated 

wild sampled material. This opens the door to the poten3al success of associa3on gene3c 

studies conducted on wild individuals in controlled condi3ons or even directly in their natural 

habitat.  

 

Sea beet popula3on structure is inves3gated on east (rich in sugar beet cul3va3on) and west 

coasts of England and highlights a higher gene3c diversity in resistance genes than in non-

resistance genes, par3cularly on the east coast. This suggests a poten3al impact of the 

presence of crops or their pathogens in this area. Moreover, the sea currents from 

Humberside towards East-Anglia could explain reduced northerly gene flow. Finally, measures 

of nucleo3de diversity and differen3a3on at the five candidate NLR loci indicate that 

popula3on gene3c measures could be used to inform on the efficacy of candidate resistance 

genes.  
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Chapter I - General introduc1on 
 

 

I - A. Introduc-on to the beet system and its cul-va-on 

 

I - A. 1. Beet domes.ca.on  

 

Sugar beet belongs to the Beta genus, the Amaranthaceae family and the Caryophyllales 

order. It is one of the three Beta vulgaris subspecies: Beta vulgaris ssp. vulgaris (sugar beet 

and all cul3vated beets), Beta vulgaris ssp. mari.ma (sea beet), and Beta vulgaris ssp. 

adanensis. Among these subspecies, sea beet is the progenitor of all domes3cated beets, 

including sugar beet, leaf beet, table beet and fodder beet, and sugar beet is the most 

recently derived1. While beets were already cul3vated as vegetables around 500 BC in the 

eastern Mediterranean area2, the latest domes3ca3on events were very recent. Leaf beet 

was the first crop to derive from the sea beet, and was already cul3vated in the Roman 3mes 

in the Mediterranean area, for food and medicinal purposes3. Table beet (or garden beet), 

selected for its swollen root, derived from the leaf beet4. Fodder beet was domes3cated 

around a thousand years ago3, and gave birth to sugar beets, which were selected and grown 

for sugar produc3on for the first 3me by Franz Carl Achard in the beginning of the 19th 

century. He selected the white Silesian fodder beet for its high content in sugar, Silesia being 

an ancient European region, most of which is Poland today. This beet contained about 6% 

sucrose5, which corresponds to a third of the sucrose content of current sugar beets6. Due to 

this late domes3ca3on and the very recent boBleneck event it went through, the gene3c 

diversity of sugar beet is poor.  

 

Using the Nei’s gene3c distance coefficient7, assessing gene3c distance depending on the 

occurrence of muta3ons and the applica3on of gene3c drip, Letschert et al.8 calculated the 

gene3c distance between several taxa inside the genus Beta and found that the subspecies 

vulgaris and mari.ma had a small gene3c distance and were closely related9 (Figure 1). This 

proximity must have been recognised by Linnaeus as he first placed both of them as different 

varie3es in the same species in Species plantarum, in 1753, and only later, in 1762, did he 

take out the mari.ma variety to form the dis3nct species Beta mari.ma9. The Beta vulgaris 
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species being a recently diverged taxon, all the taxa are cross-compa3ble, and the hybrids 

generated produce an abundance of seeds2.  

 

 
Figure 1 - Dendogram representing the genetic distance (Nei’s genetic distance coefficient) between five taxa 

of the genus Beta.  

(Letschert J. et al., 1993) 

In a recent study using a reference-free approach, Sandell et al.10 explored the beet 

domes3ca3on history by measuring genomic distances between more than 600 wild and 

cul3vated beets. Regarding sea beet accessions, two dis3nct groups were iden3fied, Atlan3c 

and Mediterranean. Furthermore, sugar beets were found to belong within the 

Mediterranean sea beet group, a sister to the Atlan3c, revealing the gene3c background of 

the wild beets at the origin of the domes3ca3on process, hundred years ago. It was suggested 

that the beet domes3ca3on probably occurred in the Greece area. In regard to the 

rela3onships between the members of the Beta genus, this study leads to ques3oning the 

poten3al belonging of Beta vulgaris adanensis to a Beta species on its own.  

 

 

I - A. 2. An economically important crop 

 

Sugar beet is one of the most cul3vated crops in the world in terms of weight (FAOSTAT). It is 

responsible for 20% of global sugar produc3on11 and is the major source of sugar in Europe. 

It is principally grown in Russia, the United States, France and Germany (FAO).  
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Sugar beets are sown in spring and harvested in autumn, before the cold period, as cul3vated 

beets require vernalisa3on to bolt. Once harvested and brought to nearby sugar factories, 

the sugar is extracted from the beets by diffusion, associa3ng heat with disrup3on of the 

beet bits by slicers and a flow of counter-current water. The obtained juice containing 15 to 

18% of sucrose is then purified using lime, carbon dioxide and sulphur dioxide. This is 

followed by an evapora3on step and the genera3on of a syrup from which sugar is 

crystallised. Sucrose from the remaining molasses is recovered by chromatographic 

processes, or molasses are also used to feed animals and in produc3on of yeast, citric acid, 

ethanol and fuel ethanol by fermenta3on12. 

 

Fuel ethanol from sugar beet molasses mostly produced in Europe is currently mixed with 

petrol and is expected to be a good alterna3ve of tradi3onal fuels to reduce the use and the 

dependence of deple3ng fossil fuels. One ton of sugar beet is es3mated to produce 

approximately 90 litres of ethanol and one ton of beet molasses is es3mated to produce 

approximately 260 litres of ethanol13. 

 

Due to its important agronomic value, the genome of the sugar beet has been inves3gated, 

and the first genome assembly was released in 2014 by Dohm et al.14. The current sugar beet 

reference genome assembly was published in 2022 by McGrath et al.15. On the wild side, the 

sea beet genome was first sequenced and assembled few years later than its cul3vated 

counterpart, in 201916. However, this work generated a drap assembly, and there is currently 

no high-quality reference genome for this subspecies.  

 

 

I - A. 3. Challenges in maintaining a sustainable agricultural 

system 

 

I - A. 3. a) Modern agriculture and its limita7ons 

 

Presently, 40 to 50% of the Earth’s land surface is devoted to agriculture, which represents 

more than 5,000 Mha including 100 Mha devoted to permanent crops, providing crops for 

several consecu3ve years17. Despite our focus on food produc3on at an industrial scale, more 

than eight hundred million people s3ll suffer from hunger all over the world today (FAOSTAT), 
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and human popula3on is growing. To successfully feed the planet, food produc3on must be 

increased by approximately 70% by 2050 and by 200 – 300% by 2100. In 2009, one study led 

by the French Ministry of Food, Agriculture and Fisheries suggested that by 2050, cul3vated 

lands could be mul3plied by 1.7 to 2.5 in comparison with the cul3vated lands in 2005. 

However, this would imply an encroachment on lands reserved for other uses, and, in the 

most aggressive scenario, a reduc3on of a third of the world’s forests18. Therefore, the focus 

must be on sustainably increasing yield by intensifica3on of agricultural prac3ces, rather than 

increasing land areas. Moreover, this must be combined with the introduc3on of measures 

to reduce food waste and a change in human diet19. One way to increase yield is via the 

reduc3on of waste through loss of crops to pest and disease: this can be achieved by 

improving crop resistance against these threats. 

 

I - A. 3. b) Climate change 

 

The United Na3ons predict reaching 9.7 billion people by 2050 and 11.2 billion people by 

210019. Growth of ci3es, the increase of human ac3vity, pollu3on and the loss of green spaces 

and forests are driving climate change. Among other phenomenon, climate change lead to 

an increase of the global average temperature of 1-1.2°C since 185020, the mel3ng of glaciers, 

a higher frequency of severe weather, and an increase of greenhouse gas emissions. The 

agronomic industry must be prepared for these changes because they will modify the 

environment in which crops must grow. The Broom’s Barn sugar beet crop-growth model 

aims to predict the impact of climate change on sugar beet yield from 2021 to 2050 in 

Europe21. The model shows that, on the one hand, higher temperatures will increase yield 

because foliage canopy will develop earlier but on the other hand, severe water stress will 

decrease yield. Moreover, France and Germany are the largest producers of sugar in Europe 

and these countries will be par3cularly impacted by high seasonal varia3on in water 

availability. Unpredictable drought condi3ons can impact yield to a greater extent than 

change in average yield. A more recent crop emergence simula3on study for the period 

between 2020 and 2100 in the north of France predicted a year-to-year variability in 

emergence rate of sugar beets ranging from 0% to 85%, aper tes3ng five different sowing 

dates. Major causes of non-emergence would be non-germina3on, death of the seeds either 

because of clod blocking the seeds or of surface crus3ng induced by drought22. These 

worrying predic3ons in terms of climate change place the improvement of crop yield at the 

heart of our current concerns to sustain the growing human popula3on. 
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I - A. 3. c) Cultures are threatened by plant pathogens 

 

Over the centuries, crop pests and diseases have been, and s3ll represent a major problem 

as they are ravaging crop fields. They are of different types: rodents, weeds, insects, 

nematodes, viruses, bacteria and fungi. One of the most ravaging crop pests is the aphid, 

colonizing a quarter of the plant species in temperate regions23. This insect causes hundreds 

of thousands of tons of lost wheat and potatoes and millions of tons of sugar beets per year 

in Europe24. It feeds on plant sap and can reduce the plant’s growth by inducing a bad 

fruc3fica3on, leaf decoloura3on, necrosis, leaf and fruit deforma3on and the forma3on of 

galls. Moreover, aphids excrete honeydew on the leaf surface, and this can be colonised by 

sooty moulds, thus hindering photosynthesis. The biggest economic repercussion caused by 

aphids is that they carry a lot of phytoviruses, highly reducing crop yields aper infec3on24. 

This example shows that a single pest can cause substan3al damage to a crop and can also 

vector other pathogens. 

 

Regarding the sugar beet culture, crops are threatened by the same pathogens encountered 

in the wild. The most concerning ones, from an agricultural point of view, are viruses, 

bacteria, and fungi. The fungal pathogens include necrotrophic fungi such as the root-rot 

fungi25, and biotrophic fungi which, although not killing the plant, significantly reduce the 

sugar yield: Cercospora be.cola, Ramularia be.cola, Erysiphe betae (powdery mildew) and 

Uromyces be.cola (beet rust). A link has been shown between an early rust infec3on in sugar 

beets and the presence of local wild sea beets26. This sharing of pathogens makes sugar 

beet/sea beet an interes3ng system allowing host/pathogen coevolu3on studies between 

wild and agricultural plants. Rust infec3on (Figure 2) can decrease sugar beet yield by up to 

11%26 Rust infec3on leads to a decreased root yield and therefore sugar content, and can also 

lead to an increased transpira3on, a decrease in protein synthesis and an aBenuated 

photosynthesis26, which are considera3ons that must be accounted for, given the changing 

climate. 
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Figure 2 – Scanning Electron Microscope image of a rust pustule on a sugar beet leaf.  

Credits for capture and colouration: Michelle Grey, Earlham Institute.  

 

Uromyces be.cola is an obligate biotrophic basidiomycete. It is an autoecious pathogen, 

which means that it can complete its en3re life cycle on a same host27. Beet rust’s life cycle is 

called macrocyclic as it is composed of five spore stages: urediospores, teliospores, 

basidiospores, pycniospores or sperma3a and aeciospores27. This life cycle can be broken 

down into two infec3on stages: the first one sesng up the early infec3on and the second 

one sesng up the sexual stage26 (Figure 3). Urediospores, spores produced by rust fungi, 

cons3tute the first infec3ous element of the fungus life cycle, and are produced in summer. 

These haploid binucleated spores penetrate the plant leaf by germina3ng through stomata. 

Once a suscep3ble plant is infected, urediospores can mul3ply by spreading from leaf to leaf 

and from plant to plant transported by wind and rain. When winter is coming, the sexual 

stage begins: urediospores transform into teliospores, which are diploid. These spores are 

unable to infect new 3ssues, but they can germinate into basidiospores, haploid spores 

generated by meiosis. Basidiospores can infect new leaves by germina3ng through the 

cu3cula and the epidermis. A mycelium grows from these basidiospores, and pycniospores 

are produced, contained into an organ called pycnium. Pycniospores fuse with recep3ve 

hyphae from different pycnia. This fusion produces an aecium genera3ng haploid binucleated 

aeciospores which can contaminate new leaves through the stomata. From there, the cycle 

life starts again with produc3on of urediospores. 
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Usually, the first field crop infec3on comes from surrounding wild sea beets. As sugar beets 

are harvested in autumn, the rust life cycle only con3nues on sea beets during the winter and 

can infect sugar beet again when spring returns26. 

 

 
Figure 3 - The life cycle of Uromyces beticola26. 

 

To summarise, the sustainability of crop cultures is threatened by many bio3c and abio3c 

parameters including plant pathogens as well as environmental challenges such as climate 

change. This observa3on is even more true considering the sugar beet crop, whose very 

recent domes3ca3on implies a low gene3c diversity, limi3ng its resources to face these 

challenges. 
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I - B. The plant/pathogen interac-on 

 

I - B. 1. Molecular bases of plant/pathogen interac.ons 

 

To resist pathogen aBacks, plants rely on a complex innate immune system which is organised 

into two defensive layers. The first is located on the cell surface: membrane receptors called 

PRRs (PaBern Recogni3on Receptors) are able to recognise a wide variety of pathogen-

associated conserved molecules called PAMPs (Pathogen-Associated Molecular PaBerns), 

such as bacterial flagellin. This first deployment of defensive weapons is called PTI, for 

paBern-triggered immunity.  

 

To evade this recogni3on and improve their infec3on success, pathogens release small 

molecules called effectors. These effectors are released in plant cells or in the apoplast, and 

help and protect pathogen invasion through the manipula3on of host components: they can 

for example inhibit the ac3vity of plant hydroly3c enzymes, suppress plant immunity or 

trigger stomatal opening28. Plants have evolved a second layer of intracellular receptors 

which are able to specifically recognise these effectors; they are called NLR (Nucleo3de-

binding Leucine-rich Repeat) proteins29. This second layer of intracellular defence is called ETI 

for effector-triggered immunity. Plants encode hundreds of resistance genes and pathogens 

encode dozens to hundreds of pathogen effectors30. Pathogen effectors are also called 

avirulence proteins because of their molecular interac3ons in hosts: they induce an avirulent 

reac3on when they are recognised by resistance host proteins31. 

 

NLR proteins have three main domains. In their N-terminus, most of the NLR proteins have 

either a coiled-coil (CC), a Toll/interleukin 1 receptor (TIR), or a RESISTANCE TO POWDERY 

MILDEW 8 (RPW8) domain. In their central part, they contain a nucleo3de binding domain 

which controls the protein ac3va3on by switching from a bond to an ADP molecule to an ATP 

molecule32. Finally, NLR proteins are characterised by a C-terminal leucine-rich repeat (LRR) 

domain (Figure 4). LRRs consist of repe33ons of a variable-sized mo3f including leucines 

and/or other hydrophobic residues, and are involved in protein/protein interac3ons. NLRs 

are classified according to their N-terminal domain, into TNLs (or TIR-NLRs), CNLs (or CC-

NLRs), and RNLs (or RPW8-NLRs).  
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Figure 4 - Representation of the structure of NLR proteins (J. Dangle and J. Jones, 2001).  

NLRs showing a coiled-coil domain in their N-terminal part are called CNLs or CC-NLRs whereas NLRs with a TIR 

domain are called TNLs or TIR-NLRs.  

 

Recent observa3ons highlight that the first (paBern-triggered immunity, extracellular) and 

second (effector-triggered immunity, intracellular) layers of plant immunity are actually not 

separate, but are interconnected and work together towards the ul3mate immune response; 

a local cell death which prevents the pathogen from colonising new 3ssues. It has been 

shown in Arabidopsis thaliana that the immune extracellular receptors were required to 

generate an efficient ETI, and that they had a role in accelera3ng the hypersensi3ve response. 

However, the same was also true of NLR ac3va3on, which drives an increase in the presence 

of PTI proteins to sense extracellular pathogen components33.  

 

The foremost model of molecular interac3on between host and pathogen suggests that 

recogni3on and binding between host resistance proteins and pathogen effectors stop the 

infec3on: the interac3on is incompa3ble. This is called the gene-for-gene model. The 

pathogen is able to infect its host only if its avirulence factor is not recognised. This model 

was proposed by Harold Flor in 1951, and he suggested that “for each gene determining 

resistance in the host there is a corresponding gene in the parasite with which it specifically 

interacts”34. 

 

Since this model was proposed, it has been shown that the immune system was more 

complex than a two components interac3on. NLR proteins can recognise pathogen effectors 

either directly or indirectly. One theory suggests that R proteins (immunity guards) are 

associated with guardee host proteins which are the targets of pathogen effectors. When an 
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avirulence protein binds to its target host protein, a conforma3onal change occurs, and this 

change is recognised by an R protein inducing the immune response31.  

 

Recent work on the interac3on of effectors within networks posits that there are effector 

sensing/immune response ini3a3ng steps. NLR proteins can either func3on as singletons, i.e. 

they perform both func3ons, or they can form pairs35. More recent studies highlight the fact 

that NLR proteins interact within complex signalling networks, allowing a specific and 

effec3ve immune response. As part of this network, some NLR proteins, called NLR sensors, 

directly or indirectly interact with pathogen effectors from a wide range of pathogens and 

need a co-receptor, called NLR helper, to translate the pathogen recogni3on signal into an 

immune response. The NLR helpers taking part in this network are gene3cally linked and 

belong to the NRC family (NLR required for cell-death), part of the CNLs. This family is present 

in the caryophyllales and asterids plant clades, and is thought to have diversified into a 

superclade, from a single pair of interac3ng NLRs (as present in the sugar beet genome), aper 

the divergence between the kiwifruit and the rest of the asterids. The redundancy between 

the NLR helpers (Figure 5) is thought to be a strength, increasing the robustness of the 

immune system and enabling a rapid diversifica3on of the NLR sensors36. 

 

 
Figure 5 – A sensor-helper NLR network with redundancy of the NRC helper proteins in the Nico0ana 

benthamiana model organism (Wu et al., 2017).  

The helper proteins NRC2, NRC3 and NRC4 are funcJonally redundant although displaying interacJon specialiJes 

towards NLR sensors providing resistance against a wide range of pathogens.  

 

The mechanism through which the ac3va3on of NLR genes leads to an immune response (i.e. 

programmed cell death), largely remains to be discovered, but recent studies bring major 

advancements. In Arabidopsis thaliana, the ZIR1 CNL gives resistance to Xanthomonas 
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campestris and Pseudomonas syringae. Once ac3vated aper effectors recogni3on, this NLR 

undergoes an oligomerisa3on37 and forms a pentameric complex called resistosome, by 

analogy with the mammalian inflammasome. This resistosome forma3on has been 

highlighted as well within the NRC network described above. It has been shown, in Nico.ana 

benthamiana, that the ac3va3on of both the Rx and the Bs2 NLR sensors from the CNL family, 

providing respec3ve resistance against the Potato virus X and the Xanthomonas campestris 

pathogens (Figure 5), leads to the oligomerisa3on of their interac3ng NLR helper NRC2. This 

oligomerisa3on gives birth to a resistosome which associates with the plasma membrane38. 

Resistosome forma3on has been observed in TNLs as well. TIR-NLRs seem to work through 

homodimeriza3on of the TIR domain. One example is the flax L6 NLR protein, which gives 

resistance to the flax rust Melampsora lini. Its ac3va3on leads to a TIR self-associa3on39.  

 

While both CNLs and TNLs have been shown to form resistosomes aper pathogen 

recogni3on, the way they induce the hypersensi3ve response seems to be class-dependant. 

On the CNL side, it has been shown that the ZIR1 resistosome was associa3ng to the plasma 

membrane. It has been hypothesised that local cell death was triggered due to membrane 

disrup3on40. On the other hand, for TNLs, the resistosome forma3on is needed to ac3vate 

the TIR NAD+-cleaving enzyma3c ac3vity, which is required to transduce the pathogen 

recogni3on signal41. Further in the signalling pathway, TNLs require the EDS1 (enhanced 

disease suscep3bility 1) protein, a basal component of plant resistance to biotrophic and 

hemi-biotrophic pathogens42. This protein interacts with the CNL helper NRG1 (N 

requirement gene 1) to induce the hypersensi3ve response43.  

 

The genome’s composi3on in NLR genes varies between species44, between individuals 

within the same species, and even within individuals from the same popula3on45. This 

diversity is explained by the evolu3onary history of this gene family and its rapid evolu3on. 

An analysis comparing 38 model organisms represen3ng the six major taxonomic kingdoms 

revealed that while the TIR, nucleo3de binding and LRR domains were present before the 

prokaryote/eukaryote split, the fusion of these key domains into NLR genes appeared later, 

in land plants (embryophytes). Complete TNL genes were first iden3fied in bryophytes, 

whereas complete non-TIR NLRs were first found in lycophytes. This suggests that TNLs are 

the oldest class of NLRs46. The current NLR gene repertoire appears to result from the 

expansion of 23 ancestral genes (TNLs, CNLs and RNLs) in the last common ancestor of 

angiosperms47. CNLs underwent extensive expansion, while TNLs were lost in some groups 
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such as the monocots, and RNLs did not experience significant expansion47. The expansion 

and diversifica3on of NLR genes result from the process of gene birth and death48, involving 

gene duplica3on events followed by func3onal diversifica3on, or gene loss. This process is 

specifically ac3ve and rapid in clusters of NLRs, which are subject to tandem duplica3ons. 

Due to their high sequence and number diversity, the fact that they can be organised in 

clusters48 and their highly repe33ve sequences49, the annota3on of NLR genes in genome 

assemblies is a challenging task requiring assemblies of high quality.  

 

In sugar beet, a study based on the conserved nucleo3de-binding domain of NLR genes (NB-

ARC domain) iden3fied 231 NB-ARC-like domains in a highly-con3nuous genome assembly, 

EL10. These domains were scaBered over the nine chromosomes, with the majority of them 

present on the chromosomes 2, 3 and 7, and included 97 CNLs and 1 TNL50.  

 

 

I - B. 2. Plant/pathogen coevolu.on 

 

Pathogens have evolved ways to avoid host recogni3on. Indeed, some pathogens have been 

shown to be able to produce molecules mimicking host molecules in order to evade host 

immune system51. They can also counteract the PRR-induced immune response through the 

ac3on of virulence effectors52. In the same way that pathogens evolve to change their 

effectors, hosts also adapt to counteract pathogen strategies. These co-evolu3onary 

processes generate new effector genes as well as resistance genes and this is thought to 

explain the diversity of NLR-binding accessory proteins53. 

 

These reciprocal changes in hosts and pathogens are evidence of coevolu3on. Coevolu3on is 

“the process of reciprocal, adap.ve gene.c change in two or more species”51. However, 

cul3vated plants are known to lack gene3c diversity by comparison with their wild ancestors. 

This is due to the boBleneck induced by, first, selec3ng rela3vely few wild individuals, second, 

the ar3ficial selec3on process and the numerous rounds of crossing and inbreeding. In crops, 

the plant side of the coevolu3on is the responsibility of the breeder while the pathogens are 

free to evolve. In one of the oldest domes3cated crops, maize (Zea mays L.), the 

domes3ca3on started in southwestern Mexico nine thousand years ago54. Although this crop 

is known to be gene3cally diverse, computer simula3ons have predicted that cul3vated maize 
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descended from a very small founder popula3on of diverse progenitors: ten genera3ons of 

approximately only twenty individuals55. 

 

This poor diversity in cul3vars is also found in sugar beet. The calcula3on of genomic 

distances between wild and cul3vated beets revealed a high level of relatedness in breeding 

material, among and between breeding companies.10 

 

In 2008, Fénart et al. highlighted a lack of cytoplasmic diversity among cul3vated beets. This 

was based on the analysis of four mitochondrial minisatellites between different taxa of the 

Beta sec3on (Figure 6). Among the haplotypes studied, cul3vated beets only presented one 

haplotype which is associated with the OwenCMS (a par3cular cytoplasmic male sterility only 

found in the cul3vars) while the wild beets presented nine different mitochondrial 

haplotypes. They also performed an analysis of five nuclear microsatellite loci among these 

taxa and, measuring the allelic richness (number of alleles), showed that nuclear diversity 

was significantly lower in cul3vated beets (Ar = 1.960) compared to sea beets (Ar = 2.87)56. 

 

 
Figure 6 - Comparison of mitochondrial haplotypes between different taxa of the Beta section.  

Each haplotype (on the right) is based on the combination of alleles from four mitochondrial minisatellites loci: 

500, 404, 420 and 438 bp, for Tr1, Tr2, Tr3 and Tr4, respectively. The analysis has been done using 416 wild sea 

beets, 596 ruderal beets 481 weed beets and 147 cultivar individuals. (Fénart S. et al., 2008) 

 

In a recent study57 mapping hundreds of re-sequenced wild and agricultural beet genomes 

against a sugar beet genome assembly and calling for SNPs, genomic regions of low varia3on 

were iden3fied in sugar beet. The enrichment of these regions in genes involved in processes 

agronomically interes3ng such as sugar transport and response to abio3c stresses, suggests 

the involvement of ar3ficial selec3on in the observed loss of heterozygosity.  
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This lack of diversity goes hand-in-hand with a lack of resistance traits. Crops have become 

more suscep3ble to diseases because of ar3ficial selec3on induced by the inbreeding 

processes and, in order to face this problem, the agricultural industry uses two lines of 

defence: a chemical solu3on through the use of pes3cides and fungicides, and a gene3c 

solu3on through the incorpora3on and deployment of resistance traits.  

 

 

I - C. Methods to face crop pathogens 

 

I - C. 1. Chemical methods 

 

Chemical treatments are widely used in crop produc3on to improve yield by reducing the 

losses due to compe33on with weeds and insects and infec3ons caused by micro-organisms. 

A coa3ng containing insec3cides and fungicides is applied around the seeds sold to the 

farmers. Since 2005, neonico3noids have been widely used in the EU in the composi3on of 

seed coa3ng. This nico3ne-like insec3cide class is a systemic chemical spreading in the plant 

3ssues, and it aBacks the insect central nervous system. Since 2013, these insec3cides have 

been strongly restricted by the European commission due to their deleterious effects on bee 

popula3ons which represent a fundamental pillar in the ecosystem. Indeed, in 2015, it was 

shown that a neonico3noid coa3ng on oilseed rape seeds led to a reduc3on in the number 

of wild bee and solitary bees nes3ng sites. Moreover, the use of this neonico3noid was 

nega3vely correlated with the growth and the reproduc3on of a bumblebee popula3on58. 

 

Although the use of fungicides is efficient to control rust infec3on26, it has also been 

associated with some disadvantages. Among fungicides used to counter beet rust infec3on, 

there are quinone outside inhibitors (QoI), as in the case of the pyraclostrobin fungicide. It 

belongs to the strobilurin fungicide group the member of which act as inhibitors of fungal 

mitochondrial respira3on by binding the Qo site of the cytochrome b, which is the outer 

quinone oxidizing pocket. QoI prevents the electronic transfer to the cytochrome c, induces 

a lack of ATP (adenosine triphosphate) and subsequently a deficiency of fungal energy59. As 

this group of fungicides targets a single fungal site, it is subject to the risk of resistance 

development60. 
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Another fungicide used in sugar beet fields to control rust is epoxiconazole, belonging to the 

triazole family, which are demethyla3on inhibitors (DMI) fungicides, sterol biosynthesis 

inhibitors. This fungicide family is believed to inhibit the cytochrome P450 which is involved, 

among others, in the steroid biosynthesis pathway. In fungi, this leads to a change of the 

membrane permeability and to the malfunc3on of membrane imbedded proteins61. In 2007, 

Taxvig et al. studied the toxic effects of epoxiconazole on mammals and showed that it was 

an endocrine disruptor62. The aim of the study was to analyse offspring of rats aper exposure 

to this fungicide during gesta3on and lacta3on. Fetotoxic effects were observed and 

numerous dams were not able to deliver their pups. The observed effects on the offspring 

were a virilisa3on (anogenital distance increased in female foetuses and pups and in male 

foetuses, which is correlated with the degree of virilisa3on of genital development) and an 

affected reproduc3ve development (reduced testes in males). This example shows how 

harmful fungicides can be for health and how it is important to focus on other strategies to 

combat plant pathogens infec3ons. 

 

Agrochemicals can be bad for human and animal health. Moreover, the efficacy of fungicides 

can be countered by the evolu3on of fungicide resistance. Indeed, even if the FRAC (Fungicide 

Resistance Ac3on CommiBee) classes rust among plant pathogens with low risk of 

development of resistance to fungicides, it assigns to the triazole family a medium risk of 

resistance development and a high risk for the QoI fungicide family. 

 

Due to these disadvantages and the recent loss of several chemicals, it is now vital to develop 

other strategies to face crop pathogens, such as improved biocontrol measures and of the 

breeding and judicious deployment of resistant varie3es. 

 

 

I - C. 2. Breeding for resistance and other traits 

 

Introducing agronomically interes3ng traits by breeding has improved crop produc3on by 

genera3ng higher-yielding plants that grow faster and are more resistant to pests and 

herbicides. Moreover, the introduc3on of pathogen resistance by breeding has also allowed 

a reduced use of pes3cides. However, plant breeding methods have limita3ons. First of all, it 

is longer to generate a resistant individual through selec3on and crossing stages than through 
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transgenic methods63. Indeed, classical plant breeding consists of the selec3on of an 

interes3ng phenotypic trait in a popula3on by crossing an individual of this popula3on 

presen3ng the trait with a recipient line. Then, unwanted traits are removed by several back-

crossings with the parental recipient line and selec3on of the offspring. Moreover, selec3ng 

one resistance gene to one par3cular pathogen can affect selec3on pressure on resistance 

genes to other pathogens51. Finally, intraspecific breeding leads to a lack of gene3c diversity 

as inbred lines show a loss of heterozygosity linked with a loss of allelic diversity. 

 

These observa3ons lead to the conclusion that it is interes3ng to turn more on the search for 

traits in different species to gain gene3c diversity. Moreover, turning to gene3c modifica3on 

saves 3me within the framework of the improvement of cultures. 

 

 

I - C. 3. Bringing resistance from wild rela.ves 

 

Crop wild rela3ves are an interes3ng source of gene3c diversity, considering the large gene3c 

diversity they harbour compared to their domes3cated counterpart, and the propensity of 

their genes to adapt to a constantly changing environment. Breeders have been considering 

them from the beginning of the 20th century, mostly (at 80%) as a source of resistance to 

pests and diseases64. Beta vulgaris ssp. mari.ma was early considered as a source of 

interes3ng traits for Beta vulgaris ssp. vulgaris improvement, and an interes3ng trait was 

successfully brought to the crop for the first 3me in the 1910s by Munera3 et al., improving 

sugar beet resistance to Cercospora be.cola65. Moreover, sea beet has also been used as a 

source of disease resistance with the deployment of the Rz2 gene, providing resistance 

against the rhizomania disease induced by a beet necro3c yellow vein virus. The CNL 

corresponding to the Rz2 resistance was iden3fied in a wild sea beet popula3on via a 

modified version of the mapping-by-sequencing method66.  

 

It is nonetheless difficult to consider wild rela3ves as species that can easily be bred with 

crops, even in the context of interbreedable B. vulgaris species. Indeed, they are so 

gene3cally rich in comparison to crops that the benefits associated with crossing them and 

selec3ng a par3cular trait is outweighed by the 3me involved in backcrossing to remove 

undesirable traits. Bad shape, woodiness of the roots are examples of these undesirable 
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characters11. Therefore, breeders must find other ways to use this wild reservoir in an 

op3mised way. 

 

One of the ways to respond to this problem is the iden3fica3on of resistance genes within a 

wild species and the cloning of these genes in the cul3vated species. Resistance genes 

iden3fica3on can be done through different manners, including associa3on methods such as 

candidate-gene associa3on studies or Genome Wide Associa3on Studies (GWAS)67. The 

principle of these associa3on studies is the highligh3ng of a correla3on between gene3c 

variants, most open SNPs (Single Nucleo3de Polymorphisms), and a phenotype varia3on68. 

Applying these studies to wild accessions and landraces can help improving crops by allowing 

the iden3fica3on of genomic regions associated with agronomically interes3ng traits. 

 

Candidate-gene associa3on studies involve specula3ng that a gene may be associated with a 

phenotype, such as a disease; iden3fying variants of this gene or of regions that could have 

an impact on the expression of this gene; genotyping the variants between two popula3ons 

presen3ng two dis3nct phenotypes and sta3s3cally determining whether there is an 

associa3on or not between the gene and the phenotype69. 

 

Next-genera3on sequencing methods started to be developed in the early 2000’s and are 

much cheaper and faster than Sanger method. This step forward contributed to a reduc3on 

by 105 3mes of the cost per human genome sequenced and paved the way for more studies 

underpinned by sequencing70. Interes3ngly, the drop in the price of sequencing methods 

allowed more genomic analyses and beBer genome annota3on of wild species68. A sea beet 

drap genome sequence was published in 201771. This improvement enables the emergence 

of genome wide associa3on studies, unbiased and more effec3ve than candidate-gene 

methods because comparison of variants in most of the genome avoids having to pose a 

hypothesis about causal genes67. 

 

Although GWAS methods are innova3ve and promising, they are associated with different 

issues and constraints when performed in the wild72. One of the disadvantages of wild 

popula3ons is that there are fewer gene3c markers available in non-model than in model 

organisms, and wild popula3on structures are less known73. Furthermore, it can be difficult 

to obtain a large number of independent individuals from the wild samples68. This can lead 

to the presence of false-posi3ve or false-nega3ve results that correspond to the highligh3ng 
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of stronger or weaker associa3ons, respec3vely, than they actually are74. Finally, these 

problems can be the source of difficul3es to obtain reproducible results between 

independent studies74. 

 

The aim of the present work is to deepen the understanding of the gene3cs of the wild sea 

beet to be able to use it as a source for sugar beet resistance against the beet rust fungus, 

and to measure the gene flow of these poten3al candidate genes in natural wild popula3ons 

across England. To do so, eleven sea beet genomes tested for rust resistance are selected in 

different popula3ons in England, France, Spain and Denmark, for high-quality genome 

sequencing and assembling (see Chapter II). This collec3on of genomes is screened to 

generate a compila3on of candidate NLR loci used in a second step as references to map 

associa3ons retrieved from three large-scale rust inocula3on experiments (see Chapter III). 

Indeed, a k-mer-based associa3on gene3cs method is applied on sequencing data from 

approximately 500 sea beets selected for their extreme phenotypes in rust inocula3on trials 

involving approximately 1,800 sea beets and three rust samples. The use of k-mers, sub-

sequences of DNA with a given length noted k, in associa3on gene3c studies, helps to avoid 

the limita3on of relying on a reference genome, which doesn’t comprehensively represent 

the whole set of gene3c varia3on which can be encountered in wild popula3ons. Instead of 

mapping sequencing reads to a single genome and iden3fying associa3on signals 

corresponding to SNPs, the par33oning of each genome into a collec3on of overlapping sub-

sequences allows to compare to each other the sets of varia3ons encountered in the 

hundreds of genomes tested. Finally, the popula3on structure of the sea beets sampled in 

England is defined (see Chapter IV), and major popula3on gene3cs sta3s3cs are measured 

to study the overall gene flow between popula3ons, in a first step, and, in a second step, to 

zoom into five candidate resistance genes and study the popula3on gene3cs paBerns they 

exhibit. 

 



 29 

Chapter II - Genera1ng a sea beet pan-genome 
 

 

II - A. Introduc-on 

 

II - A. 1. The pan-genomic era 

 

Whole genome sequencing started almost thirty years ago, with the 1.8 mega-base genome 

of the bacterium Haemophilus influenzae75. A few years later, the genome of the model 

Arabidopsis thaliana was the first plant genome to have been fully sequenced and 

assembled76. More than twenty 3mes larger, with 3.2 giga bases, the human genome was 

fully sequenced shortly aper, in 200177. Those first whole-genome sequencing projects 

preceded a revolu3on in DNA sequencing. The early 2000s witnessed the development of 

what has been called “next genera3on sequencing”. This term groups sequencing techniques 

post Sanger sequencing technology. These more modern technologies are both more rapid 

and affordable, and quickly led to larger sequencing projects involving whole genomes. 

 

Analysing the genome of single individuals soon becomes a limi3ng factor and hampered 

understanding species-wide gene3c diversity. Within single species, two genomes can differ, 

both at the gene level, with varia3ons such as gene presence/absence78, SNPs, inser3ons, 

dele3ons, duplica3ons, etc. as well as at the genome level with genomic rearrangements such 

as transloca3ons and inversions79. Ini3ally, this within species gene3c diversity was 

determined using a single “reference” genome and then mapping mul3ple other individuals 

using much lower quality sequence data. These methods accurately capture SNP in single 

copy orthologous regions. However, using a single genome limits the observa3on of 

structural variants. Moreover, it limits Genome-Wide Associa3on Studies (GWAS), where 

genes80 or structural variants81 involved in the phenotype of interest are not iden3fied 

because they are not present in the reference genome. Consequently, a single genome, as 

accurate as its assembly can be, only captures a frac3on of the intra-species gene3c varia3on.  

 

This observa3on led to the emergence of the concept of pan-genome in the early 2000s, in 

the vaccine development context. TeBelin et al.82 were using reverse vaccinology, where the 
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genomic sequence of the pathogen is bioinforma3cally parsed to predict candidate an3gens, 

to develop a vaccine against the main cause of neonatal infec3ons, the bacterium 

Streptococcus agalac.ae. Several defini3ons have then been introduced, such as the core 

genome, referring to the collec3on of genes found in every individual of a given species, 

mainly assuring essen3al func3ons, and the dispensable genome (also referred as variable or 

accessory genome), containing the genes shared between a subset of genomes. The 

dispensable genome can be split into different categories being the sop-core, the shell and 

the cloud genomes. In the present work, the sop-core genome is referred as the content 

shared by more than 90% of the individuals. The extended sop-core genome is referred as 

the combina3on of the core and the sop-core genomes. The shell genome includes the 

content shared between 10 and 90% of the individuals. Finally, the cloud genome is the most 

variable part, corresponding to the content present in less than 10% of the individuals.  

 

TeBelin and colleagues clearly showed that using the sequence of a single genome was 

impeding the development of universal vaccines, candidate vaccine an3gens mainly being 

found in the dispensable genome. Moreover, they no3ced that eight sequenced genomes 

were not sufficient to observe the full gene repertoire of S. agalac.ae, and mathema3cally 

predicted that this would be reachable only aper sequencing more than a hundred of 

genomes. From those observa3ons, came up the concepts of opened and closed pan-

genomes. A pan-genome is open when the sequencing of new individuals increases the size 

of the total gene collec3on known so far. Conversely, when the pan-genome has captured 

every single gene species-wide, this pan-genome is said to be closed. 

 

Scien3sts were ini3ally less interested in genera3ng plant pan-genomes because, in addi3on 

to costs related to sequencing larger genomes, it was ini3ally thought that the dispensable 

genome wasn’t as significant as in bacteria. Moreover, the high content of repe33ve 

sequences in plants make their genome more difficult to assemble83. Nevertheless, over the 

last decade, more and more plant pan-genomes were generated, both in the context of 

fundamental research with plant models such as Arabidopsis thaliana76, as well as in the 

agricultural context with crop genomes (e.g. soybean84, tomato85, rice86, wheat87). The first 

published plant pan-genome was of Glycine soja, the wild rela3ve of the cul3vated soybean84. 

The genomes of a geographically diverse panel of seven individuals have been short read 

sequenced, de novo assembled and compared, and generated a pan-genome with 80% of 

core genes and 20% of dispensable genes. Agronomic traits have been associated with this 
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dispensable genome, such as seed composi3on, flowering and maturity 3me organ size and 

final biomass, and par3cularly NLR genes associated with bio3c resistance. This highlighted 

the usefulness of pan-genomes to iden3fy agronomically relevant genes. Nowadays, pan-

genome sequencing is becoming a standard method and the list of achieved projects keeps 

growing (e.g. pearl millet (2023)88, human (2023)89). In plants, the recent Arabidopsis thaliana 

pan-genomic study involving a diverse panel of 32 ecotypes from different con3nents81 

highlighted the importance of the dispensable genes for local adapta3on, with genes mostly 

involved in stress response such as drought tolerance. The largest number of genomes 

sequenced for the genera3on of a pan-genome is so far aBributed to the chickpea, with a 

total of 3,366 genomes, both from cul3vated and wild individuals90. This allowed 

understanding the history of the domes3ca3on of this crop and will give considerable keys 

for chickpea breeding improvement.  

 

Pan-genomes are then a considerable tool for breeding and crop improvement. Even though 

plant pan-genomes haven’t been shown to have a dispensable genome larger than the core 

genome (i.e. 31.2% in A. thaliana81) as it is the case for some bacteria91, seeing that genes 

involved in local adapta3on and host/pathogen interac3ons are mainly present in this 

dispensable genome makes it extremely interes3ng to explore, especially for 

resistance/tolerance development in the crop breeding area. Indeed, if this dispensable 

genome tends to contain genes important for survival in different habitats, or against 

different pathogens, its size is less important than its content in terms of genes. It has indeed 

been shown that a large propor3on of the genes providing resistance to plant pathogens are 

found in the dispensable genome (43% in Brassica napus80, 47% in A. thaliana92). 

 

Crop wild rela3ves cons3tute a fantas3c source of novel agronomically important traits to 

improve crops, such as climate adapta3on and pathogen resistance genes. Unfortunately, 

they are rarely sampled and sequenced with enough effort to see the extent of their 

dispensable genome. Instead, the crop plants that are sequenced to this level are already 

boBlenecked and unlikely to show the true level of difference between individuals. Taking a 

step further, genomic diversity across species has inspired the concept of the super-pan-

genome93. The super-pan-genome is defined as the gathering of the pan-genomes of every 

species belonging to a given genus into a single super gene repertoire. This truly opens doors 

regarding crop improvement, genera3ng a huge gene repertoire to parse for the 
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iden3fica3on of new agronomic traits, the genomes of crop wild rela3ves being far more 

gene3cally rich than their domes3cated counterparts.  

 

 

II - A. 2. The importance of genera.ng a sea beet pan-genome 

 

Sea beet is the wild ancestor of the sugar beet crop, the first source of sugar produc3on in 

Europe94 and the second source of sugar produc3on in the world95. Due to its economic 

importance, it is a major crop and sugar beet breeding is important to sustainably maintain 

sugar produc3on despite the emergence of new threats such as beet pathogens and climate 

change. Crop wild rela3ves, including sea beet96, have been shown to cons3tute a fantas3c 

source of gene3c traits to improve their cul3vated counterpart97. Moreover, a broader 

interest in this species resides in the fact that, because of the very recent domes3ca3on of 

the sugar beet, it is rela3vely easy to compare with its progenitor.  

 

Unfortunately, the reference genome for the Beta vulgaris mari.ma subspecies is s3ll only at 

the drap stage. The genera3on of a high-quality genome would cons3tute a great support to 

the beet breeding programs. Furthermore, the development of a pan-genome would allow 

greater comprehension of the gene3c diversity available among wild reservoirs.  

 

The present work has as principal aim iden3fying the u3lity of wild English sea beet as a 

source of resistance genes to improve sugar beet resistance against its rust pathogen 

(Uromyces be.cola). In this context, the availability of mul3ple sea beet high-quality genome 

assemblies would significantly increase the chances of iden3fying resistance, when 

performing a Genome-Wide Associa3on Study. Indeed, this would alleviate issues caused by 

gene absence or structural varia3ons. Moreover, as resistance genes are expected to be a 

considerable part of the dispensable genome, the pan-genome no3on is extremely well 

suited to study a panel of beets from diverse loca3ons. Indeed, resistance genes are part of 

the genes permisng local adapta3on98, as they rapidly evolve99 and can provide specific 

resistance towards local pathogens which are evolving different pathogenic components in 

dis3nct loca3ons. The genome sequence of sea beets from different sites across Europe 

enables then the explora3on of a large range of resistance components. 
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II - A. 3. Pan-genomes rely on a collec.on of high-quality genome 

assemblies 

 

The u3lity of pan-genomes is twofold, it lies in their ability to describe the extent of a species’ 

gene3c reservoir by presence absence as well as allelic diversity. A pan-genome analysis relies 

on high-quality genome assemblies which can be compared with each other, requiring high 

con3guity, completeness, the absence of contamina3on, and great annota3ons.  

 

High con3guity can be a specific challenge in plant genomes, as they are known to contain a 

large propor3on of repe33ve sequences100. Moreover, plant genomes are rich in duplica3ons. 

Indeed, almost all plant lineages show whole genome duplica3on events101. Gene duplica3on 

produces paralogous genes, which can have a high sequence iden3ty and can lead to 

assembly errors. Other plant features hampering error-free assemblies include their 

tendency to show high heterozygosity and ploidy, making it difficult to resolve haplotypes102. 

These problems can be addressed by u3lising methodologies such as paired-end read 

sequencing, which consists of sequencing approximately 250 bp at both ends of a DNA 

library. Also, long-read methodologies, as provided by Pacific Biosciences or Oxford 

Nanopore, which produce reads that are regularly expected to exceed 10 kilobases in 

length103. The appearance of High-Fidelity (HiFi) long-read sequencing with Pacific 

Biosciences enabled the combina3on of the high accuracy of short-read sequencing with the 

benefits of long-read sequencing, using a technology involving a circularised DNA molecule 

around which the DNA polymerase passes mul3ple 3mes. This allows the genera3on of 

consensus reads of an average length of 13.5 kilobases and an accuracy of 99.8%104.  

 

In the last years, assembly methods have evolved. Two main assembly graphs are 

encountered: the Overlap-Layout-Consensus (OLC) approach and the de Bruijn graph (DBG) 

approach105. With the OLC method, the sequencing reads are connected to each other when 

they share similar prefixes and suffixes. As a representa3on, nodes represent the sequencing 

reads, and edges are formed by the overlaps between them. The DBG approach deals beBer 

with short reads, being easier to resolve and less demanding in compu3ng resources, but 

more sensi3ve to sequencing errors, it uses the concept of k-mers to link the sequencing 

reads106. Each sequencing read is split into every possible k-mer. Assuming that each k-mer is 

unique in the genome, in the graph representa3on, nodes stand for the overlaps between k-

mers, corresponding to sequences of a length of k-1, and edges for the k-mers. Once the 
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graph is generated, the best path between the reads is determined, and the remaining 

sequences are discarded. More recently, other genome assembly approaches deal with HiFi 

long-reads and take into account haplotypic informa3on107. Phased assemblers have been 

developed, the two leading ones being HiCanu108 and Hifi-asm109, which are able to separate 

sequencing informa3on into different alleles. Hifi-asm was shown to be the most efficient 

one, in terms of con3guity, rapidity and completeness107. It generates a string assembly 

graph, similar to the OLC approach but using exact overlaps between reads, and this graph 

only involves reads from a same haplotype.  

 

Assembly “con3guity” is assessed by numerous sta3s3cs that describe the number and the 

length of the con3gs generated. Sta3s3cs are used, such as the N50 which represents the size 

of the shortest con3g at half of the total assembly length, or the L50 which is the count of 

the smallest number of con3gs whose length sum makes up half of the assembly size. 

 

While con3guity describes the propor3on of the genome on large con3gs, the quality of 

genome assemblies is also assessed by their completeness. One way to judge on the 

completeness of an assembly is by determining its content in a set of phylogene3cally 

conserved orthologous single copy genes called BUSCO for Benchmarking Universal Single-

Copy Orthologs110. 

 

Another aspect of the quality of an assembly is its purity. When assembling reads into a 

genome, contaminants can be incorporated and generate erroneous con3gs. This 

contamina3on can occur at different stages of an experiment: during the material sampling 

step if the individual of interest is hos3ng another species, for example, or in the DNA 

extrac3on step, if cross-contamina3on occurs between different experiments. Moreover, 

human contamina3on has been shown to be present among published genome 

assemblies111. To avoid the impact of contamina3on of genomes used in different projects, it 

is important to ensure that they are pure, and tools have been developed to iden3fy 

contaminant con3gs. BlobTools112 is a tool which par33ons con3gs into taxa, using the Blast 

tool113 to search against the NCBI database, and, this way, allows the aBribu3on of con3gs to 

species, other than the one of interest. Moreover, BlobTools displays the GC percentage of 

each con3g of the assembly, which is another way to iden3fy erroneous con3gs, as the GC 

percentage tends to differ between genomes. 
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The accelera3ng pace of genome sequencing and assembly doesn’t unfortunately go hand in 

hand with the pace of genome annota3on114. Indeed, de novo annota3on of recently 

assembled genomes is a complex, costly and 3me-consuming process. To enable speeding up 

the process, a more affordable method has been developed, consis3ng in carrying over the 

annota3on of a reference genome from the same or a related species onto the newly 

assembled genome, such as the Lipoff tool114. 

 

In the same way, the annota3on of resistance genes is arduous as well, due to their highly 

repe33ve sequence115 and their low basal expression116. Recently, the NLR-Annotator tool 

has been developed to de novo annotate loci associated with NLRs, without the need of gene 

expression data117. NLR-Annotator parses the genome and searches for combina3ons of 

amino acid mo3fs extracted from a set of potato NLR proteins, aper transla3ng genomic 

fragments into the six possible reading frames. Then, the nucleo3de posi3ons of those mo3fs 

are iden3fied and the distance between them is evaluated in order to generate a list of 

predicted NLR loci.  

 

Given the need for genomic representa3ves of the sea beet wild plant to inform on resistance 

gene poten3al, the present work aims to provide the material for the genera3on of a sea 

beet pan-genome, i.e. mul3ple high-quality genome assemblies. Indeed, a strictly speaking 

pan-genome open visualised as a graph isn’t generated here, as orthogroups 

presence/absence is analysed, but the eleven high-quality genome assemblies pave the way 

towards the genera3on of the first sea beet pan-genome. The results presented below 

describe these assemblies created from the sequencing of a set of eleven wild plants mostly 

sampled in England, but also from France, Denmark and Spain. RNA-sequencing was not used 

to individually annotate these genomes, but NLR genes were specifically annotated to 

facilitate the associa3on analyses performed in the Chapter III.  
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II - B. Results 

 

II - B. 1. Eleven sea beet genomes each represent an 

improvement in con.guity to the published genome 

 

The genomes of eleven sea beets origina3ng from different European loca3ons have been 

sequenced and assembled in the present work. The pan-genome generated contains 

members of the two gene3cally dis3nct groups of sea beets described by Sandell and 

colleagues10, namely the Atlan3c group and the Mediterranean group. k-mer-based analyses 

on whole genomic data show a split of the samples into four clusters: eastern English sea 

beets (Gb_Humber_260, Gb_Norfolk_095 and Gb_Norfolk_426), north-western English sea 

beets (Gb_Merseyside_109 and Gb_Merseyside_206), south-eastern English sea beets 

(Gb_Essex_167, Gb_Essex_038 and Gb_Suffolk_251) grouped with Zealandian 

(Dk_Sjælland_406) and Breton (Fr_Bretagne_309) sea beets, and Mediterranean sea beets 

(Es_Catalonia_378) (Figure 7).  

 

 
Figure 7 – k-mer-based comparison between the eleven sea beet genomes.  

Mash distances have been calculated on whole genomic data, with k = 21. Genomes belonging to the Atlantic 

group described by Sandell et al. are indicated with blue branches, and the Spanish genome (Es_Catalonia_378), 
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belonging to the Mediterranean group, is indicated with a yellow branch. The spinach (Spinacia oleracea) 

reference genome was used to root the tree. Bootstrap support values are based on 1,000 replicates. 

 

To iden3fy signs of contamina3on in each assembly, con3gs were assigned to a taxon based 

on sequence similarity through a blast search against the NCBI database. Moreover, 

Blobtools112 plots con3g GC content against read coverage (Figure 8).  

 

 
Figure 8 - BlobTools plots of the sea beet genome assemblies.  

Contigs in the assemblies are depicted as circles, scaled proportional to sequence length and coloured by 

taxonomic annotation (at the species rank). Circles are positioned on the X-axis based on their GC proportion and 

on the Y-axis based on the average read coverage. 1: Gb_Norfolk_426; 2: Gb_Essex_038; 3: Gb_Norfolk_095; 4 

Es_Catalonia_378; 5: Gb_Merseyside_109; 6: Gb_Humber_260; 7: Dk_Sjælland_406; 8: Fr_Bretagne_309; 9: 

Gb_Merseyside_206; 10: Gb_Suffolk_251; 11: Gb_Essex_167. 

 

On a BlobTools plot, contamina3on is visible as con3gs that Blast to unrelated species. Non 

target species iden3fica3on can be caused by missing data in the database but is worth 

inves3ga3ng where contaminant species live in the same environment, or are parasi3c or 

endosymbio3c and could have been present in the DNA extrac3on. In these cases, however, 
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because a parasite might be expected to have a different density of cells (a different number 

of genomes represented) the coverage associated with that con3g may deviate from that of 

the focal species. Moreover, contamina3on may also differ in its GC propor3on with the main 

propor3on, as GC content tends to differ between genomes.  

 

BlobTools results are comparable among eleven sea beet genomes. At the species level, the 

two predominant blast hists are for Beta vulgaris and Silene liNorea, two species which both 

belong to the Caryophyllales order. There is no apparent sign of contamina3on among the 

studied genome assemblies as, in each plot, the majority of the assembly content is found at 

the same GC propor3on as well as at the same coverage. There is, however, an excep3on for 

the con3gs Blas3ng to the Silene liNorea species, in every genome. Although those con3gs 

show a higher GC, dis3nct from the main content, the observa3ons that: it is present in every 

sequenced genome, that it belongs to the Caryophyllales order and that it is not from a 

parasi3c or endosymbio3c organism suggest that these con3gs don’t correspond to 

contamina3on.  

 

Prior to filtering, the sea beet genome Gb_Merseyside_206 did present signs of 

contamina3on at the classifica3on level (Figure 9 A,C) as well as at the level of genome 

content (see Figure 10). This contamina3on is observed both at the species and at the order 

levels. These large blobs were present at a coverage 16 3mes greater than the expected 

genomic content (which is approximately 20x, Table S1). Contaminant con3gs are aBributed 

to Ascomycota fungi. To address this, the large con3gs not associated with the Caryophyllales 

order were removed from this assembly (see Figure 9 B,D). Aper removing contaminants, the 

BlobTools plot for Gb_Merseyside_206 (Figure 9 B) is similar than for the other genomes 

(Figure 8).  
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Figure 9 – Contaminated content was removed from the genome assembly Gb_Merseyside_206.  

Contigs in the assemblies are depicted as circles, scaled proportional to sequence length and coloured by 

taxonomic annotation (at the species (A,B) or the order (C,D) rank). Circles are positioned on the X-axis based on 

their GC proportion and on the Y-axis based on the average read coverage. Plots on the left (A,C) show the content 

before contamination removal, and plots on the right (B,D) show the result post-decontamination.  

 

To further assess the quality of the genome assemblies, a k-mer-based method to compare 

the assembly content and the sequencing reads content has been used; the comparison tool 

from the K-mer Analysis Toolkit (KAT118), was run on each genome and is interpreted here in 

terms of content in the reads that is present and absent in the assembly, as well as content 

depth, or mul3plicity (Figure 10).  
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Interpre3ng these plots, firstly, a black peak (Figure 10 panel 1, secEon A) is present at a very 

low k-mer mul3plicity. The black distribu3on represents those k-mers that are present in the 

reads but absent from the assembly, and this peak represents k-mers present at a low 

number of copies in the read set, and therefore, most likely correspond to sequencing errors. 

These erroneous k-mers have not been included in the genome assembly.  

 

The red distribu3on represents the k-mer content, in the reads, that appears just once in the 

assembly. This should include most of the read content. If the genome Gb_Norfolk_426 is 

taken as an example, the red peak at a k-mer mul3plicity approximately equivalent to the 

es3mated sequencing depth (Table S1), i.e. at 39x, corresponds to the homozygous content 

(Figure 10 panel 1, secEon C). The other red peak at a k-mer mul3plicity approximately half 

(~20x) corresponds to the heterozygous content (Figure 10 panel 1, B). The dis3nc3on 

between red peaks is not clear for few genomes: Gb_Merseyside_109, Fr_Bretagne_309 and 

Gb_Suffolk_251 (Figure 10 panels 5, 8 and 9), sugges3ng the ability of an assembler to 

par33on haplotypic content may be reduced for these assemblies. 

 

Interes3ngly, the observed depth is very close to the expected depth using the es3mated 

genome size of Bmar (567 Mbp)119, which is approximately 80% of the average size of the 

genome assemblies generated in the present work (average = 714 Mbp) (Table S1). 

 

Within the red heterozygous peak, a black peak is present (Figure 10 panel 1, D). This 

corresponds to half of the heterozygous content which is not present in the genome 

assembly. In effect, this shows that both heterozygous and homozygous contents are only 

present once in the final assembly, and the black k-mers represent that heterozygous content 

in the reads, at half the expected depth, that are not present in the final assembly.  

 

For each genome, the k-mer distribu3on is compa3ble with the distribu3on of a complete 

diploid individual. The k-mer comparison method used here provides a test for the presence 

of polyploid content among the sea beet genomes sequenced, as wild tetraploid beets have 

been observed, such as Beta macrocarpa. In the current case, there is no evidence for 

tetraploid content, as no extra peak with a higher k-mer mul3plicity can be observed (Figure 

10 panel 1, secEon F). A purple layer indicates the presence of some duplicated content 

which has only a marginal impact on these genomes.  

 



 41 

The k-mer spectra can also inform on the presence of erroneously-joined con3gs. Indeed, 

when joining con3gs, assemblers can create new k-mers when these DNA fragments are not 

overlapping, hence present in none of the reads. This scenario would be observable through 

the k-mer spectra by the presence of k-mers present in the assembly but absent in the reads. 

They would be observable as a red bar on the rightmost part of the graph, where the k-mer 

mul3plicity is equal to 0 (Figure 10 panel 1, secEon E). The analysis of the present k-mer 

spectra doesn’t indicate the presence of erroneous content among any of the generated 

assemblies.  

 

 
Figure 10 - k-mer comparison plots show expected k-mer spectra for good quality diploid genome assemblies.  

For each genome, the plots describe the k-mer distribution among the PacBio sequencing reads. The number of 

distinct k-mers is plotted against the k-mer count. The colours of the peaks observed refer to the number of times 

the corresponding k-mer content is present in the genome assembly. 1: Gb_Norfolk_426; 2: Gb_Essex_038; 3: 

Gb_Norfolk_095; 4: Es_Catalonia_378; 5: Gb_Merseyside_109; 6: Gb_Humber_260; 7: Dk_Sjælland_406; 8: 

Fr_Bretagne_309; 9: Gb_Merseyside_206; 10: Gb_Suffolk_251; 11: Gb_Essex_167. In this analysis, k=27.  

As seen previously, the k-mer spectra can be informa3ve as to whether poten3al contaminant 

or erroneous content present in the reads has been removed from the assembly. This is 

exemplified in the genome Gb_Merseyside_206, which was previously shown by BLAST, 

coverage and GC content ploBed by BlobTools, to have contamina3on (Figure 9 A, C). Here, 

we observe an extra red bump at a k-mer mul3plicity approximately 20 3mes greater than 

for the first two peaks (Figure 11 A), and the expected coverage (see Table S1). This 
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contaminant content has been removed, and this is observable here with a change in the 

colour of the bump from red (k-mers present in the assembly) to black (k-mers only present 

in the reads) (Figure 11 B). Due to their high k-mer mul3plicity, the discarded sequences seem 

to correspond to highly repe33ve content.  

 

 
Figure 11 – Contaminated content has been removed from the genome D_206A.  

The plots describe the k-mer distribution among the PacBio sequencing reads before (A) and after (B) that 

contaminated content has been removed. The number of distinct k-mers is plotted against the k-mer count. The 

colours of the peaks observed refer to the number of times the corresponding k-mer content is present in the 

genome assembly before (left) and after (right) removing contamination.  

 

 

II - B. 2. Sea beet genome assemblies show comparable sizes and 

good levels of completeness 

 

Eleven sea beet genomes are assessed against another sea beet genome (Bmar-1.0.1) and 

three sugar beet genomes (RefBeet-1.2.2, EL10_1.0 and EL10.2). Despite being more 

fragmented than the reference sugar beet genome (EL10.2), the eleven sea beet genomes 

show good levels of con3guity; N50 ranges from approxima3vely 5.6 to 32.8 Mb, considerably 

larger than for Bmar-1.0.1 (N50 = 172,314 bases), and the total con3g number ranges from 

517 to 1,746 (Table 1). The propor3on of content (L50) ranges from 7 to 31 con3gs.  
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Table 1 - Sea beet pan-genome assembly metrics.  

Principal assessment metrics of sea (purple) and sugar (pink) beet genome assemblies. n: number of contigs 

(present work) or scaffolds (published assemblies); L50: count of smallest number of contigs whose length sum 

makes up half of genome size; min: size of the shortest contig; N50: sequence length of the shortest contig at 

50% of the total assembly length; max: size of the longest contig; sum: size of the assembly; NLR loci: number of 

NLR loci. To compare the different statistics across the beet genome assemblies, a grey (published assemblies) or 

green (newly assembled genomes) gradient is used (per metric), from low to high contiguity (light to dark, 

respectively). Genome sizes and content in NLR loci are compared across assemblies using, respectively, yellow 

and blue scales.  

 

Merqury120 is a k-mer-based program that uses sequencing reads set to assess the 

completeness and the quality of the assembled genomes. Completeness is measured as the 

ra3o between the solid k-mers in an assembly against the solid k-mers in the read set, solid 

k-mers being dis3nct k-mers filtered for erroneous low copy k-mers. This value appears to be 

similar across the sea beet genomes. Interes3ngly there is a reduc3on in the completeness 

of the genome Gb_Merseyside_206, which was filtered for poten3al bacterial contamina3on 

(Figure 9, Figure 11). The Merqury consensus quality value is the probability of correctness 

in the assembly at a base level. This quality value is very similar between the sea beet 

genomes. 

 

With the excep3on of Gb_Merseyside_206, the genomes assembled here are of similar 

quality in terms of con3guity and completeness. Gb_Merseyside_206’s longest con3g is 

approximately half the length of the median of the largest con3gs from the other assemblies 

(49.9 Mb), and its L50 is more than twice the average L50 (13.45). Nevertheless, con3guity 

and completeness of each of these genomes is greater compared to the published sea beet 

genome (Bmar-1.0.1). 
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The sea beet genomes vary in size by approximately 10%, ranging from 667 to 742 Mb 

(mean=714 Mb). This is larger than the current sugar beet reference genome, EL10.2, with a 

size of 533 Mb. Furthermore, each one of those genomes is larger than the Bmar-1.0.1 sea 

beet genome, an assembly of 549 Mb.  

 

To assess the completeness of the sea beet pan-genome, the Benchmarking Universal Single-

Copy Orthologs (BUSCO110) sopware was used on sea beet genome assemblies generated in 

the present work in addi3on to previously released beet genomes (Bmar-1.0.1119, RefBeet-

1.2.214, EL10-1.0 and EL10.2_2121).  

 

Complete and single-copy BUSCOs range from 90.9% to 93.0% across the eleven sea beet 

genome assemblies (Figure 12). These numbers are comparable to the levels of completeness 

found in published sugar beet genomes (RefBeet-1.2.2, EL10-1.0 and EL10.2_2), including the 

sugar beet reference genome (EL10.2_2). The propor3on of complete and single copy 

orthologous genes is higher than the previously released sea beet drap genome assembly 

(Bmar-1.0.1). Moreover, the level of duplicated, fragmented, and missing BUSCOs are also 

higher in that published Bmar-1.0.1 assembly. This is consistent with the observa3on that the 

Bmar-1.0.1 assembly shows a higher number of con3gs and a very lower N50 than the 

present sea beet assemblies (Table 1). 
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Figure 12 – BUSCO assessment results show the completeness of the sea beet pan-genome.  

Percentage of universal single copy orthologs that are C: complete, S: single-copy, D: duplicated, F: fragmented, 

M: missing, n: gene number. Brackets are used to point out the eleven sea beet genome assemblies generated in 

the present work. BUSCO genome completeness is comparable between the present work and RefBeet-1.2.2, 

EL1-01.0, EL10.2_2 and Bmar-1.0.1 (three sugar beet genome assemblies and a sea beet draft genome assembly, 

respectively). 

 

To summarise, the PacBio HiFi pan-genome generated in the present work is of higher 

con3guity and completeness than the currently available sea beet genome assembly Bmar-

1.0.1 but not as con3guous as sugar beet genomes.  

 

 

II - B. 3. The sea beet pan-genome content in terms of genes is 

comparable across samples 

 

In order to explore the rela3onship of genome size varia3on and any impact on gene 

presence and absence across the pan-genome, genes were annotated liping over genes from 

the reference sugar beet genome15, and an orthogroup analysis was done. Orthogroups 

include both orthologs and paralogues. 99.7% of the annotated genes from every genome 

were classified into 19,454 orthogroups (Table S2). The distribu3on of the genes into a 
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core/sop-core/shell and cloud genome whether these genes belong to orthogroups present 

in every genome, mul3ple genomes or a single one, is presented in the Figure 13. Overall, 

the number of genes per individual ranges from 21,157 to 21,237 and this number doesn’t 

appear to be related to genome length. The majority of genes (92.3 to 93.6%) belongs to the 

core genome, as they are shared between all the eleven genomes. A small propor3on of all 

genes (1.6%) are classified in the cloud genome.  

 

 
Figure 13 – Orthogroup sharing, across the eleven sea beet genomes.  

Annotated genes in each genome are classified in core/soft-core/shell/cloud genome as whether they belong to 

orthogroups shared by all/all but one/two to nine/or present in a single genome. Black lines represent the 

percentage of completeness of each genome assembly, or complete (C) BUSCO genes. 

In addi3on to observing gene presence/absence across the assemblies, the maintenance of 

the order of these genes in the genomes was inves3gated. The plot demonstrates synteny is 

largely maintained among genomes. However, it is not possible to say at this stage whether 

re-arrangements are biological or miss-assemblies (Figure 14).  
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Figure 14 - Sea beet pan-genome synteny plot generated with GeneSpace.  

 

One way to assess if a pan-genome is closed or open, i.e. if the complete diversity in terms 

of genes across a species is represented in the pan-genome or not, is to generate a satura3on 

curve. Such a plot represents the rela3onship between the number of genes present in the 

pan-genome and the number of genomes inves3gated. The satura3on (closure of the pan-

genome) is reached when the curve reaches a plateau: the addi3on of new genomes into the 

study doesn’t bring novelty in the gene collec3on. In the present study, the analysis of the 

presence/absence of orthogroups in the different genomes (Figure 15) shows a tendency to 

reach a plateau from a number of 10 genomes (pan genes). When considering orthogroups 

shared with every genome (core genes), the addi3on of extra genomes in the study reduces 

their number, as they may be absent from the novel orthogroup set. Here, the orthogroup 

analysis shows that 11 genomes allow the observa3on of a large number of pan genes 

(23,631) but isn’t enough to cons3tute a closed sea beet pan-genome.  
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Figure 15 - Sea beet pan-genome gene saturation curve.  

The number of orthogroups part of either the sea beet core genome or the pangenome is displayed in relaJon 

with the number of genomes studied.  

 

 

II - B. 4. The sea beet pan-genome content is variable in terms of 

resistance genes 

 

Gene presence/absence between genomes may be more restricted to specific gene types. In 

order to compare the NLR content between genomes, the NLR loci have been extracted with 

NLR-Annotator117. NLRs are the most abundant class of resistance genes in plants. They are 

important as they provide specific resistance through the recogni3on of pathogen effectors 

and trigger an immune response that could lead to a hypersensi3ve cell death, thus 

preven3ng the spread of the pathogen29. Also, because of their importance, they may be 

par3cularly prone to duplica3on and loss122. This open makes their number highly variable 
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among genomes123. Interes3ngly, the number of NLR loci doesn’t differ to a great extent 

between sea and sugar beet genome assemblies (Table 1).  

 

The NLR loci were clustered in orthogroups with OrthoFinder124 (Table S3), and the 

distribu3on of these orthogroups between genomes was studied (Figure 16). The core 

NLRome represents 60.9 to 67.5% of the total NLRome; the sop-core ranges from 71.5 to 

79.5%; the shell NLRome ranges from 20.5 to 28.5% and, finally, only 4 genomes have a cloud 

NLRome (Gb_Essex_167=0.5%, Gb_Humber_260=1%, Gb_Merseyside_109=0.5% and 

Gb_Essex_038=0.5%). 

 

 
Figure 16 - Sea beet pan-genome NLR loci content.  

Core NLRome: NLRs belonging to an orthogroup present in every genome, extended soft-core NLRome: NLRs 

belonging to an orthogroup present in 10 genomes, shell NLRome: NLRs belonging to an orthogroup present in 2 

to 9 genomes, cloud NLRome: NLRs belonging to an orthogroup present in a single genome. Black lines represent 

the percentage of completeness of each genome assembly, or complete (C) BUSCO genes.  

 

Differences in the number of NLR loci per individual could be both biological and/or 

methodological. To inves3gate the impact of the assembly quality on the number of NLR loci 

observed, the rela3onship between the number of NLRs and the completeness of the 

assemblies was assessed (Figure 17, panel A). The number of NLR loci iden3fied in a genome 

does not increase with the completeness of its assembly. On the contrary, more complete 

genomes tend to show fewer NLR loci. However, this is observed in a very short range of 

completeness values (95.1% - 96.1%), and it would be thus overinterpre3ng that qualifying 

this result as a true nega3ve correla3on. In addi3on, the size of the assembly does not reflect 

its quality, in terms of completeness (Figure 17, panel B). There is no correla3on between 

the genome assembly size and the number of NLR loci (Figure 17, panel C). The number of 

NLR genes is expected to vary between genomes in a same species, due to their rapid 
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evolu3on leading to gene duplica3on and loss. These observa3ons lead to the conclusion 

that the assembly quality impacts neither the number of NLRs retrieved nor the size of the 

genome assembly and therefore, suggests that differences in the numbers of NLRs between 

individuals is biological. 

 

 
Figure 17 - The number of NLR loci is not correlated to the quality of the genome assembly.  

A – Number of NLR loci in a genome plotted against the number of complete BUSCO genes. B – Number of 

complete BUSCO genes in a genome plotted against the size of the assembly. C – Number of NLR loci in a genome 

plotted against the size of the genome assembly. 

 

Overall, the total number of NLR loci per genome is close to 200, ranging from 186 to 207 

(Table S4). Differences in the number of loci between the core NLRomes correspond to NLRs 

belonging to a same orthogroup in a same genome, or duplicated NLRs. The Spanish genome 

(Es_Catalonia_378) has the largest core NLRome (largest number of duplicated NLR genes). 

However, it also has the smallest shell NLRome. This is perhaps notable given that this is the 

only Mediterranean genome. 

 

There are very few NLRs found uniquely to a single individual (cloud NLR). Interes3ngly, they 

are found in sea beets which are not from geographically isolated loca3ons to the rest of the 

individuals sequenced, as, for example, Gb_Essex_038 and Gb_Essex_167 both are from the 

Essex county.  

 

When looking at the composi3on of the NLRome of each genome, in terms of gene classes, 

approximately half of the NLR loci extracted by NLR-Annotator corresponds to full-length 

genes coding proteins carrying the three characteris3c NLR domains: either a coiled-coil (CC) 

or Toll/Interleukin 1 Receptor (TIR) N-terminal domain, a central NB-ARC domain, and a C-

terminal leucine-rich repeat (LRR) domain (Figure 18). Among these full-length NLR loci, the 

large majority corresponds to CC-NBARC-LRR genes. However, TIR-NBARC-LRR are found in 
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each of these genomes, from a single one, to five genes in the Gb_Essex_038 genome. 

Overall, the propor3on of the different classes is the same between genomes, with 

approximately a third of the annotated NLR loci only consis3ng of the central NB-ARC and the 

terminal LRR domains, a small number of CC-NBARC loci, and approximately an eighth of the 

loci corresponding to NB-ARC domains alone. Intriguingly, the genomes Dk_Sjælland_406 

and Es_Catalonia_378 genomes, show the presence of NLR loci harbouring an associa3on of 

two N-termini domains. Indeed, these genomes show, respec3vely, the presence of a CC-TIR-

NBARC-LRR locus, and a CC-TIR-NBARC-LRR and a CC-TIR-NBARC loci. 

 

 
Figure 18 - Distribution of the NLR loci extracted in the eleven genomes into NLR classes.  

The NLR loci extracted with NLR-Annotator are categorised according to which protein domain(s) they are 

encoding. 
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II - C. Discussion 

 

II - C. 1. Assembly metrics allow quality assessment, but also 

highlight biological phenomena 

 

The eleven sea beet genomes assembled in the present work are all of beBer quality 

compared to the published sea beet assembly, Bmar119. These assemblies are of higher 

con3guity and completeness, as evidenced by a lower number of con3gs, a lower L50, a larger 

N50, and a higher percentage of BUSCOs. The percentage of BUSCO is a suitable measure of 

the completeness of the assemblies generated, as BUSCO can search for single copy 

orthologous genes without relying on an annota3on. This way, the quality of the gene 

annota3on doesn’t impact this sta3s3c. 

 

These improvements are perhaps not surprising given the difference in the sequencing 

technology used. PacBio HiFi sequencing provided significantly longer reads than the Illumina 

technology used to generate the Bmar assembly. However, if compared to the reference 

sugar beet genome, the sea beet assemblies are of lower con3guity.  

 

Genome purity assessment highlighted several con3gs with a higher GC content. These high 

GC con3gs were found in all 11 sea beet assemblies at the expected target depth and 

taxonomically iden3fied as Silene liNorea. S. liNorea is a plant found around the 

Mediterranean sea and north Africa and also belongs within the Caryophyllales order. Salt 

tolerant and small, this species grows in sandy regions but is easily dis3nguishable from sea 

beet. This plant is not parasi3c to beet and was not grown in the lab. The fact that these 

con3gs are found in every sample suggests that blas3ng to this species could be due to a lack 

of representa3on of Beta vulgaris mari.ma in the NCBI databases and to the proximity 

between S. liNorea and B. mari.ma genomes. To further inves3gate the nature of these 

paBerns, it would be interes3ng to explore the published beet genomes and their sequencing 

reads to look for evidence of the presence of these S. liNorea con3gs.  

 

While most of the orthogroups studied in this work appear to show a conserved synteny 

across the eleven genomes, some structural rearrangements are observed. Technical 

rearrangements can arise due to the heterozygous nature of the genome assembled. Indeed, 
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structural differences can exist between homologous chromosomes. During the assembling 

process, the assembler can mix reads from these different haplotypes, resul3ng in a 

configura3on which doesn’t exist in either of the two haplotypes. Here, the nature of the 

rearrangements hasn’t been inves3gated. However, discrimina3ng between biological or 

technical phenomena could be done through a PCR (polymerase chain reac3on) strategy: 

amplifying and analysing the segment where the rearrangement seems to happen would 

allow to know if two genes are indeed in proximity or if this configura3on results from an 

error generated during the genome assembly process.  

 

Given the differences in size and gene content between the sea beet genomes, it is perhaps 

important to begin to consider them within a pan-genomic context, using graphs125. However, 

in the present work, I will be using Gb_Norfolk_426 as the focal assembly, because it has the 

highest L50 and N50, and shows generally good results for the other quality assessment 

measures. 

 

 

II - C. 2. Sea beet has a large and conserved core genome 

 

Analysing published beet genomes, the number of genes annotated is on the order of 20-30 

thousand (Bmar119: 27,662; EL10.1121: 24,255; EL10.2_2121: 21,587; RefBeet14: 27,421). The 

eleven sea beet genomes assembled here don’t deviate from these observa3ons, with a 

median number of annotated genes of 21,150 (Table S5). All genomes combined, this 

represents a total of 233,208 genes, distributed in 19,454 orthogroups, 91.2% of which are 

found in every genome. This highlights how the wild sea beet genome is conserved across 

diverse European loca3ons, and this propor3on of core genome is larger than for other pan-

genomes, which show for example a core genome of 74.2% for the tomato126, 70% for 

Arabidopsis thaliana127, 64.3% for the hexaploid wheat128, and 53.5% for the rice129. These 

numbers make the sea beet core genome appear surprisingly large, and this result could be 

explained by the pan-genome generated here only involving individuals belonging to the 

same subspecies, unlike the tomato study, which involved both wild and domes3cated plants. 

Moreover, these results must be taken with cau3on, as firstly, only one representa3ve of the 

sea beet Mediterranean group is analysed here, and the present pan-genome doesn’t 

therefore truly cover the wild sea beet diversity, and secondly, these es3mates are based on 

a liped annota3on.  
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It is a caveat of the present work that genomes were not de novo annotated and this will 

have reduced the poten3al for novel genes to be iden3fied in each genome. However, these 

results are unlikely to be due to a too small number of genomes, as both the A. thaliana and 

the wheat pan-genomes only involve 19 genomes. Moreover, the excep3onally large core 

genome is probably not due to the lack of diversity among the sequenced individuals which 

are from different European loca3ons. Using the sugar beet reference genome to lip over 

gene annota3ons to sea beet genome assemblies is an advantageous methodology for a 

3me-efficient annota3on, which was required in this work. However, the accuracy of these 

sea beet annota3ons is then not op3mal as genes can be missing due to structural divergence 

or also because of the reliance on a single reference genome. Moreover, the es3ma3on of 

the number of sea beet genomes needed to close the pan-genome is underes3mated due to 

these missing genes. A beBer way would have been to use mul3ple available beet RNA-seq 

data to map to the new sea beet assemblies and perform a de novo transcriptome assembly. 

Then, these data could have been combined with the lip-over annota3ons, and this would 

have improved the annota3ons by by-passing the single-reference as well as the sub-species 

differences biases. Therefore, the present work can be taken as a first step towards the 

genera3on of eleven high-quality sea beet genome annota3ons.  

 

 

II - C. 3. Varia.on in the resistance genes content is a mark of 

genomic adapta.on to face constant changes in pathogen 

threats 

 

The majority of the genes annotated in the eleven genomes, i.e. 92.9% (Table S2), are 

classified in orthogroups present in every genome. Also, 95.6% of these genes belong to 

orthogroups in the sop-core genome. This shows the level of conserva3on and rela3ve 

contrast with the NLR loci, for which only 65.1% are part of the core NLRome, and 75.2% are 

part of the sop-core NLRome (Table S4). This clearly shows how NLR genes are much more 

variable between genomes compared to the total set of genes. The way these NLR genes are 

more different can also be observed through the propor3on of these genes being part of the 

shell NLRome, i.e. 24.5% (Table S4), against only 3% when looking at the rest of the genes. 

 



 55 

The totality of the NLR loci extracted from the eleven genomes, i.e. 2,157 loci, are classified 

into 215 orthogroups (Table S3). This is half the number of orthogroups iden3fied for the 

Arabidopsis thaliana NLRome92. The A. thaliana NLRome is largely saturated, with 65 

genomes involved, and a satura3on es3mated at approximately 40 genomes. The sea beet 

NLRome being s3ll open, the size of its NRLome can’t be compared with other species. 

 

It is known that the propor3on of NLR genes among the total number of annotated genes in 

a genome can vary considerably123, ranging from 0.003% in bladderwort130 to 2% in apple131. 

In the present study, the propor3on of NLR loci represents on average 0.93% of the total 

number of annotated genes. This number is higher than that of the kiwifruit (0.256%132) and 

of A. thaliana (~0.5%133). This varia3on of the number of NLR loci across genomes has been 

explained by the fact that they are rapidly evolving through a high muta3on rate coupled with 

posi3ve selec3on134, gene duplica3on135, gene conversion136 and unequal crossing-over137.  

 

Approximately half of the NLR loci extracted from the sea beet genomes are classified as 

CNLs, i.e. full NLR sequences, encoding the three characteris3c domains, including a coiled-

coil N-terminal domain. This represents 95 to 99% of the full-length NLR loci, and is consistent 

with the previous beet genomes observa3ons having iden3fied CNLs being the most 

prevalent class of NLRs. It was ini3ally thought that the sugar beet genome wasn’t containing 

TNLs138. Through func3onal gene annota3on, Dohm et al. found for the first 3me a single TNL 

both in the sugar beet and in the spinach genomes14. They suggested that the presence of a 

single TNL was a feature of species belonging to the Amaranthaceae family, in contrast with 

the rosids and asterids clades which both show an expansion of this class of gene. The study 

of the NLR signatures in the reference sugar beet genome EL10 also iden3fied a single TNL139. 

Despite not using RNA-seq in the annota3on process, the present study iden3fied mul3ple 

TNL genes. This suggests that Amaranthaceae could in fact contain mul3ple TNLs. The 

comparison between the sea beet published genome, the sea beet genomes generated here, 

and the published sugar beet genomes, in terms of NLR loci extracted with NLR-Annotator, 

leads as well to the sugges3on that sea beet could harbour more TNLs than its cul3vated 

counterparts. The Gb_Essex_038 genome harbours the largest number of TNLs (5), with 

twice the average of TNLs encountered among the eleven sea beet genomes.  

 

Among the so far experimentally validated plant NLRs140, the presence of both N-terminal CC 

and TIR domains is not observed. Thus, the CC-TIR NLR loci iden3fied in the Es_Catalonia_378 
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and Dk_Sjælland_406 genomes are most likely the result of an erroneous annota3on by NLR-

Annotator.  

 

In Arabidopsis thaliana, NLR genes have been observed to vary from a number of 167 to 251 

across genomes141. According to this observa3on, the varia3on here is lower than expected, 

but this could be due to the fact that the A. thaliana accessions had a provenance covering a 

much wider distance.  

 

French and Danish genomes have larger shell NLRomes than the English genomes, which is 

consistent with the expecta3on that these mainland European plants are outliers with 

respect to the 9 English plants sequenced. This suggests that NLR gene presence may have a 

regional component and it would be interes3ng to inves3gate the roles of these genes with 

respect to local pathogens (see Chapter III).  

 

It is very interes3ng to observe a similar number of NLR loci predicted either on the sea and 

on the sugar beet genome assemblies. The boBleneck sugar beet has been through has 

decreased its gene3c diversity including its diversity in resistance genes. Moreover, 

adapta3on of these resistance genes to effectors released from pathogens encountered in 

fields is impeded by ar3ficial selec3on. It could be expected that due to these restric3ons, 

the NLR set among sugar beet genomes is fixed in its number of genes, and it is not the case 

in wild beet genomes which can undergo the process of NLRs duplica3ons. However, the 

results observed here refute this hypothesis and highlight the cost of resistance genes and 

the underlying process of gene death48. Nevertheless, crop and wild NLR sets can differ in the 

way that the diversity could be lower in domes3cated plants. 

 

To conclude, the eleven sea beet genomes assembled and the NLR genes extracted from 

them cons3tute a great addi3on to the material available for the Beta research community 

and especially for the beet breeding community. In the present work, these data, combined 

with the re-sequencing of hundreds of wild plants, allow subsequent associa3on gene3cs 

analyses aiming for the iden3fica3on of agronomically important resistance genes. Future 

associa3on gene3cs works would greatly benefit from a clear representa3on of genes 

presence/absence across the Beta vulgaris mari.ma species through the combina3on of the 

genera3on of addi3onal sea beet genome assemblies as well as the crea3on of a sea beet 

graphical pan-genome.  
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II - D. Material and methods 

 

Plant selecEon for the pan-genome generaEon 

 

Plants sequenced with the HiFi technology were selected among the 589 sea beets grown in 

a temperature, light, and humidity-controlled environment, and to which a Danish rust 

sample was inoculated (see Chapter III). The criteria for selec3on were a combina3on of the 

best rust resistance with dis3nguishable agromorphological traits, and the geographic origin 

of the plants was also considered, assuring to have a panel of plants sampled from different 

loca3ons, at country and European levels (Table S6). The agromorphological phenotypes 

recorded included the presence/absence of trichomes, the redness of different organs of the 

plants (leaves, pe3oles, leaf edges, veins), the leaf waxiness, the presence/absence of a stalk 

and the fact that the plant bolted or not during the course of the experiment. On the 

resistance side, apart from the beets from the Humberside popula3on which all had signs of 

rust infec3on, all the plants selected for genome sequencing were resistant to the Danish 

rust, i.e. didn’t develop symptoms of infec3on. Moreover, the rust resistance phenotype of 

the sisters (plants from the same mother, part of a different rust inocula3on trial (see Chapter 

III)) was also considered, to include in the pan-genome plants with a good probability of 

carrying resistance genes, as this would be useful for a rust associa3on analysis (see Chapter 

III).  

 

Genomic DNA extracEon and sequencing 

 

Genomic DNA was extracted from the sea beet leaves using the Macherey-Nagel 

NucleoBond DNA/RNA/Protein kit according to the manufacturer’s instruc3ons. One 

modifica3on was made to the protocol which included an overnight lysis on a mixer HC; 

StarLabs Smart Instrument set at 50°C and 450 rpm.  

 

Genome sequencing was performed with the Single-Molecule Real-Time (SMRT) method on 

the Sequel II HiFi PacBio pla}orm, by the Technical Genomics from the Earlham Ins3tute for 

the genome Gb_Essex_038, and by Novogene for the ten other genomes. The sequencing 
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depth is es3mated between 19.9x and 47.7x (Table S1), with a mean of 35.6x. The samples 

Gb_Norfolk_095, Es_Catalonia_378, Gb_Suffolk_251 and Gb_Merseyside_206 were 
sequenced in two runs, and raw sequencing data were combined before data processing. 

Sequencing data has been submiBed to the Sequence Read Archive (SRA) database from the 

Na3onal Center for Biotechnology Informa3on (NCBI) under the BioProject PRJNA1209597. 

 

Genome assembly and quality assessment 

 

Genomes were de novo assembled using the hifiasm sopware142, version 0.16.1, with the 

default parameters. The subsequent analyses were done on the primary con3g file. The 

con3gs have been ordered per size, from the largest one to the shortest one.  

 

Contamina3on among the eleven assemblies was inves3gated with the default parameters 

of BlobTools112 version 1.0.1, involving a Blast113 (version 2.10) step against the NCBI database 

and a mapping and alignment step involving the programs minimap2143 version 2.21 with the 

parameters -a and -x map-hifi, and samtools144 version 1.13. Subsequently to running the 

BlobTools program, con3gs corresponding to poten3al contaminants were removed. This 

translates in the removal of any con3g which was not associated to the Caryophyllales order, 

when the propor3on of the contamina3on in the combined mapped and unmapped reads 

was >= 1%. 

 

k-mer content in the sequencing reads and in the respec3ve assemblies were compared with 

the K-mer Analysis Toolkit118 version 2.3.4, with default parameters. 

 

Assembly metrics were obtained with the default parameters of the Abyss-fac tool from the 

Abyss145 program, version 2.0.2. Assembly quality and completeness were measured with the 

Merqury program120, version 1.3, with a k length of 21. When con3gs were removed from the 

assembly due to contamina3on, the reads mapping to these con3gs were removed from the 

Merqury analysis. Completeness of the assemblies generated, using single copy 

eudicotyledon annotated orthologs, was assessed with the Benchmarking Universal Single 

Copy Orthologs program146, version 3.0, with the parameters --lineage 

eudicotyledons_odb10 -m geno -sp Arabidopsis. 

 

Genomic data from published sugar beet and sea beet genomes were downloaded from the 

NCBI database; as the RefSeq GCF_000511025.2 assembly for RefBeet-1.2.2, the GenBank 
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GCA_002917755.1 assembly for EL10_1.0 and the EL10.2 assembly was downloaded from 

the Phytozome portal.  

 

Genome annotaEon, orthology and synteny analyses 

 

Genomic distances between the 11 genomes were measured and a tree was constructed 

using the mashtree147 program (version 1.4.6). The spinach reference genome assembly 

BTI_SOV_V1 was downloaded from the NCBI database, as the GCF_020520425.1 RefSeq 

assembly. The mashtree_bootstrap.pl script was run with the flags --reps 1000 --min-depth 2 

--kmerlength 21 --sketch-size 10000, to generated bootstrap suppor3ng values from 1,000 

relicates. The tree was rooted on the spinach genome using ape148 (version 5.8) with the 

parameters resolve.root = TRUE and edgelabel = TRUE. The tree was visualised in FigTree 

(version 1.4.4 (hBp://tree.bio.ed.ac.uk/sopware/figtree/)).  

 

NLR-Annotator version 2.1117 was used to annotate the NLR loci in the genome assemblies. 

Protein mo3fs from a set of potato NLRs were used to parse the translated assemblies and 

predict the presence of NLR loci. 

 

Lipoff149 (version 1.6.3) was used to annotate the genomes, transferring the annota3ons from 

the EL10.2_2 sugar beet assembly, with the op3ons -a 1, -s 0.75, -polish.  

 

OrthoFinder150 (version 2.5.4) was used to classify NLR genes as well as the whole gene 

content into orthogroups, with the default parameters. The presence/absence matrix of 

these orthogroups among the eleven sea beet genomes was used to compute a gene 

satura3on curve, using the panplots func3on in the plot_gene_content.R script from Dr. 

Rowena Hill, available on GitHub (hBps://github.com/Rowena-

h/GaeumannomycesGenomics/blob/dc1c8f45fc835a43d31c4c7670794aea8�532aa/07_co

mpara3ve_genomics/plot_gene_content). 

 

The synteny plot was generated with GeneSpace151, using, as input files, genome annota3ons 

and protein sequences generated by Lipoff from the sugar beet EL10.2_2 genome assembly.  

 

All computa3onal experiments were carried out on a high-performance compu3ng (HPC) 

cluster running AlmaLinux 9.5, u3lising the x86_64 architecture. The cluster u3lises SLURM 
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(Simple Linux U3lity for Resource Management) to manage job scheduling and resource 

alloca3on, is equipped with a processor opera3ng at a speed of 1.5 GHz and is provisioned 

with 503 GiB of RAM. The system supports 64 CPU cores. 
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Chapter III - Mining wild sea beet gene1c 

diversity for rust resistance 
 

 

III - A. Introduc-on 

 

III - A. 1. Associa.on gene.cs to iden.fy resistance against plant 

pathogens 

 

Associa3on gene3c studies aBempt to sta3s3cally associate gene3c polymorphism, usually 

SNPs, to a phenotype of interest. They involve the study of a panel of gene3cally diverse 

individuals harbouring differences in this phenotype. The associa3on is said to be direct when 

the SNP iden3fied is the true causa3ve element for the phenotype, and indirect when the 

SNP iden3fied segregates with the causa3ve sequence due to the phenomenon of linkage 

disequilibrium (LD)152.  

 

Associa3on gene3cs can either be conducted on candidate genes, which can correspond to 

a well-characterised gene family, for example, believed to be involved in the observed 

phenotype, or they can scan the en3re genome, and are then called GWAS for Genome-Wide 

Associa3on Studies153. Most of the associa3on gene3c studies conducted on crops focus on 

candidate genes153, such as resistance genes. 

 

Plant associa3on gene3c studies are mostly conducted on lines or crops. This comes with 

advantages such as the fact that they typically have low levels of heterozygosity. The power 

of the associa3on study is stronger when considering homozygous individuals because it is 

not reduced by heterozygous individuals that carry both dominant and recessive alleles. 

However, working with agricultural material also comes with mul3ple disadvantages. Indeed, 

due to the domes3ca3on and the selec3on for agronomically important traits, crops are 

gene3cally boBlenecked and their level of inbreeding is high. On the one hand, this can 

benefit the study, as their gene3c iden3ty (fewer SNPs) increases the power to iden3fy 
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polymorphism associated with a phenotype. On the other hand, this also means that the 

gene3c diversity present in crops is low, and therefore, there is less opportunity to iden3fy 

interes3ng polymorphisms/traits as these have been lost from the breeding programs. 

Furthermore, precisely iden3fying causa3ve variants may be difficult because of the high 

level of linkage disequilibrium found in crops. Indeed, large LD blocks may mask the impact 

of important polymorphisms and will reduce the poten3al to narrow down causa3ve 

polymorphisms.  

 

GWAS has been conducted on wild popula3ons (e.g. black coBonwood154, trout155), but this 

comes with mul3ple challenges borne out of much higher levels of diversity/heterozygosity, 

such as a lack of reproducibility, popula3on structure, and the poten3al absence of a 

reference genome for a non-cul3vated species68. Physiological differences are also important. 

For example, crops have been bred to be physiologically similar, to aid in harves3ng and 

produc3on purposes (e.g. short height of winter wheat156). These similari3es don’t exist to 

the same extent in wild plants (or wild crop rela3ves) and these differences can confound 

phenotyping efforts where traits are difficult to differen3ate. 

 

Wild-performed GWAS can lack replicability firstly because of sampling varia3ons between 

studies, but also because allele frequencies are unmanipulated in natural popula3ons, i.e. 

they differ from equilibrated frequencies formed by crosses between lines which make 

associa3on studies more powerful157. It has been observed, in QTL mapping analyses, that 

replica3on was more successful within popula3ons than across popula3ons74. Non-

replicability can be triggered by biological differences between popula3ons such as 

differences in linkage paBerns, differences in allele frequencies or context-dependency of the 

studied trait.  

 

Popula3on structure can have a significant impact on associa3on studies, and can lead to the 

appearance of false-posi3ve results153, and to erroneous conclusions68. Individuals that 

belong to a same kinship-related subgroup within the sampled popula3on can cause false 

posi3ve associa3ons, especially where the phenotype is predominantly present in a related 

subgroup in the analysis; then, any SNP enriched in this subgroup will show an associa3on 

with the trait of interest. Controlling for popula3on structure in an associa3on study is thus 

of major importance.  
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Most of plant genome assemblies belong to crops, due to their importance in breeding 

programs158. Therefore, it is rarer for wild plants or crop rela3ves to have a reference genome, 

and this can hamper reference-based GWAS on these species. On the other hand, even when 

a reference genome is available, the trait of interest, such as resistance, can significantly differ 

in the panel of individuals studied, compared to this reference. The level of structural, and 

more local gene presence absence polymorphism in plants are only just beginning to be 

understood159,160. This is due in part to the prevalence of short read sequencing technology, 

which is unable to accurately assemble repe33ve regions of the genome160. This may be 

par3cularly important for iden3fying loci associated with increased resistance as these genes 

have a high degree of presence absence and duplicated polymorphism and are difficult to 

assemble. Furthermore, even if a high con3guity reference is called, these resistance genes 

are likely to have a very different presence absence paBern in another individual161. 

 

Researchers have aBempted to circumvent the costs associated with sequencing mul3ple 

references (and associated resequencing) by iden3fying SNPs that describe diversity in a 

panel of plants. However, these methods require a significant amount of understanding of 

the diversity of the focal species that is open not available for a non-crop. These methods are 

also open to ascertainment bias162, which is more likely to be a problem in wild species.  

 

Overreliance on the reference can be bypassed by the use of k-mers as a manner to measure 

difference between individuals. This way, instead of comparing every subject to a single 

reference genome to iden3fy SNPs, every individual is compared to each other through k-

mer presence/absence matrices, and this avoids any reference-lead polymorphism 

omissions, increases the chance of iden3fying significant associa3ons and the power of the 

associa3on analysis163. An addi3onal advantage of k-mers is their ability to account for 

structural polymorphisms and inser3ons/dele3ons addi3onally to SNPs, as well as haplotypic 

informa3on163. Indeed, if two sequence polymorphisms are close enough to appear on a 

same k-mer, it is then possible to get informa3on about phenotypic varia3on lead by an 

haplotypic configura3on of the variants. 

 

The first k-mer-based associa3on analysis in plants was conducted by Arora et al.164 in 2019, 

and was called AgRenSeq, for Associa3on gene3cs and Resistance gene enrichment 

sequencing. The Aegilops tauschii species, a wild rela3ve having contributed to the D genome 

of bread wheat, was screened for resistance against the wheat stem rust Puccinia graminis. 
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A panel a 151 gene3cally diverse accessions was phenotyped for their level of resistance 

against six races of the rust pathogen. This work allowed the valida3on of the method 

through the detec3on of two previously cloned genes, ac3ng as posi3ve controls, and two 

addi3onal candidate resistance genes.  

 

The AgRenSeq method focuses on the most prevalent class of resistance genes in plants, the 

NLR genes. To do this, the method uses the RenSeq (Resistance gene enrichment Sequencing) 

methodology, which consists of the targeted sequencing of NLR sequences using probes 

retrieving sequences from as low as 80% of homology165. This enables deep sequencing of 

these resistance loci with a reduced cost. 51-mers are extracted from the sequencing reads 

and kept in the analysis when their correla3on with rust resistance is posi3ve. A linear 

regression model allows the genera3on of the P value reflec3ng the strength of the 

associa3on, and the iden3fica3on of candidate resistance genes is done through mapping 

the associated k-mers to the NLR sequences extracted from resistant accessions.  

 

In 2022, the AgRenSeq original study was extended with whole-genome shotgun sequencing 

instead of resistance genes targeted sequencing, and the significantly associated k-mers were 

mapped against the reference genome of Aegilops tauschii and a de novo assembly of an 

accession anchored to the reference genome166. This whole-genome k-mer-based associa3on 

approach was proven efficient to iden3fy a candidate rust resistance gene discovered through 

AgRenSeq, as well as addi3onal candidate genes responsible for various quan3ta3ve 

agronomically-interes3ng phenotypes such as the number of trichomes, the number of 

spikelets per spike or the resistance to the powdery mildew pathogen. This methodology 

allows firstly the inclusion of mul3ple phenotypes with an agronomic value within the same 

experiment, and, secondly, an opening to the possibility that the resistance isn’t provided by 

an NLR gene, as it has been shown to be the case in mul3ple examples involving tandem 

protein kinases167.  

 

Although corresponding to a wild wheat-related species, the panel cons3tuted by Arora et al. 

was formed by seeds from accessions obtained from mul3ple germplasm libraries and self-

fer3lised in glasshouses. This selfing step induced a decreased level of heterozygosity 

compared to individuals which would have otherwise been sampled in natural popula3ons. 

As men3oned above, increasing homozygosity allows an improvement of the power of 

associa3on but also increases linkage. 
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The present study aims to iden3fy rust resistance genes in wild sea beets using a k-mer 

associa3on method. It differs from Arora et al.’s study in the sense that the sea beet panel 

was formed by seeds directly collected from natural popula3ons, and were not subject to any 

human interven3on ahead of the inocula3on trials. This choice of methodology is first 

explained by 3me and cost constraints, as well as a biological phenomenon being that the 

Beta vulgaris species is largely self-incompa3ble168, making reducing heterozygosity more 

difficult to achieve. Finally, the aim of the present study, broader than the iden3fica3on of 

resistance genes, is to test the validity of a k-mer-based associa3on gene3cs method directly 

in natural popula3ons. There is a level of experimental replica3on in the current work, by the 

inclusion of “sisters”, when seeds sampled from a same mother plant are part of the same 

inocula3on trial. Therefore, is then essen3al to control for popula3on structure; unlike the 

KASP (Kompe33ve Allele Specific PCR) markers used in Arora’s method, this was achieved 

through a PCA (Principal Component Analysis) using a presence/absence matrix of 315 

randomly selected k-mers from hundreds of re-sequenced individuals.  

 

Focussing on the sequencing of NLR genes has the advantage of iden3fying an associa3on 

with a single gene instead of a genomic region containing mul3ple paralogs. However, this 

comes as well with downsides, as men3oned above, being the limita3on of the study to a 

single biological phenomenon and to a single gene family. In the present work, benefits from 

both methodologies are combined as whole genome shotgun sequencing is performed on a 

panel of rust inoculated and scored plants, and the u3lisa3on of several good quality de novo 

genome assemblies of Beta vulgaris mari.ma (see Chapter II) allows mapping of significantly 

associated k-mers both on whole-genome sequences and specifically onto the NLR loci they 

contain. 

 

Sea beet is a coastal species spread across European shorelines which shares gene3c material 

between popula3ons through airborne pollen and short-distance airborne or waterborne 

seeds dispersal. A pollen dispersal experiment involving weed beets measured a maximum 

distance of pollina3on of 9.6 km169. On the other hand, seeds can survive in water for several 

days and thus travel long distances170. Moreover, in a study involving 23 sites sampled along 

the northwest French coast, it has been shown that marine currents had a considerable 

impact on shaping the gene3c diversity of wild sea beet popula3ons170.  
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Sampling a panel of gene3cally diverse plants is essen3al to give an associa3on gene3c study 

the best chances to succeed. In this op3c, the aim of the present study was to screen for rust 

resistance diverse popula3ons of English sea beets, showing differences in their resistance 

genes composi3on, both considering presence/absence as well as allelic polymorphisms. The 

material was collected from ten loca3ons along the eastern coast, separated with a distance 

from 9.75 to 109 km, exceeding the 9.6 km precedingly reported as the distance threshold 

for pollina3on. Moreover, the addi3on to the seed panel of individuals collected in four sites 

on the west coast of England, geographically isolated from the east coast sites both 

considering pollen and seed dispersion, was thought to maximise the poten3al to sample 

across gene3c groups.  

 

Recently, Sandell et al.10 used a whole-genome k-mer-based approach to observe genomic 

rela3onships between a diverse panel of 606 beets, including accessions of wild and 

cul3vated beets as well as commercialised sugar beet lines, in order to get insight about the 

history of beet domes3ca3on. They highlighted a split between sea beets from 

Mediterranean and Atlan3c coasts and showed that cul3vated beets were gene3cally closer 

to the Mediterranean cluster and had most likely been domes3cated from Greek popula3ons. 

These results are par3cularly important considering beet cul3va3on, as they point out a 

paradox: cul3vated beets derive from wild beets having evolved in the Mediterranean 

climate but are nowadays mostly cul3vated in northern countries with cooler and weBer 

clima3c condi3ons, the major producers in Europe being Germany and France (FAOSTAT). 

Moreover, beet domes3ca3on is a very recent event when comparing with other crop 

domes3ca3on history, and these differences between western European and Mediterranean 

climates may come with a lack of adapta3on of cul3vated beets to diseases local to 

cul3va3on sites, and an absence of the corresponding resistance genes in their gene pool.  

 

These observa3ons highlight how well-suited the sampled seed material is for the present 

work. Firstly, it emphasises the interest of mining wild Atlan3c sea beets for agronomically 

important resistance genes that would provide resistance to fungi encountered in north 

western European countries. Indeed, Atlan3c sea beets cons3tute the major part of the 

present panel. Secondly, it reveals two sea beet gene3c groups, which are both represented 

in the panel, as a small number of Mediterranean Spanish individuals are included in the 

associa3on gene3c study. 
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Another factor needed for the success of an associa3on study is the accuracy of the 

phenotype recorded. As an example, a specific scoring system to measure suscep3bility to 

the wheat stem rust disease men3oned earlier exists, developed by Stakman et al.171, which 

accounts for the level of sporula3on, the size of the lesion and the presence of chlorosis 

and/or necrosis. Such a phenotyping scale would be more difficult to apply to rust infected 

beets, as lesion size and chlorosis or necrosis are less clearly observable than in the case of 

the wheat stem rust. Instead, recording the number of rust pustules, as a strategy previously 

adopted by Kristoffersen et al.26, is a more appropriate way to score beet suscep3bility.  

 

Working in an agricultural context, an op3mal phenotype would both measure the 

suscep3bility to the pathogen as well as take into account the impact the fungus has on the 

crop yield. However, measuring sugar yield in beets aper a rust inocula3on trial would involve 

mul3ple 3me-consuming steps and wouldn’t be feasible when considering experiments 

including several hundreds of plants. Moreover, even if sea and sugar beets have a rela3vely 

recent common ancestor and can interbreed, they can’t be put on the same level when 

considering sugar yield, as sugar beets have been bred to develop op3mal sugar produc3on 

pathways that wouldn’t be present in their wild rela3ve.  

 

 

III - A. 2. A large-scale rust inocula.on experiment to mine 

English sea beet gene.c diversity 

 

With an aim to take advantage of the gene3c diversity harboured by sugar beet’s wild 

ancestor, the sea beet, an associa3on analysis adapted from the AgRenSeq method164 was 

carried out for resistance against local and non-local rusts. In more details, three large-scale 

rust inocula3on trials were conducted on the Norwich Research Park from spring 2021 to 

spring 2022, each involving approximately six hundred wild sea beets. These wild individuals 

were sampled as seeds across east and west English coasts and a small number of mainland 

European regions (Figure 19), and grown on site under controlled condi3ons. In total, 20 sites 

were sampled: 10 sites from the east coast of England in the coun3es of Humberside, Norfolk, 

Suffolk and Essex; 4 sites from the west coast of England in the coun3es of Merseyside and 

Cheshire; 2 French sites in BriBany; 2 Spanish sites on the Mediterranean coast and 2 Danish 

sites in the Zealand island. 
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On the pathogen side, three beet rust samples were collected in three loca3ons and u3lised 

in three dis3nct inocula3on trials. Two of them were provided by the BBRO, sampled from 

infected sugar beet fields either in Norfolk (hereaper referred as the N rust) or in the 

Lincolnshire (L rust), both from the eastern side of England. Addi3onally, a rust sample from 

another country, Denmark (D rust), was provided through collabora3on (Thies Marten Heick, 

Aarhus University).  

 

 
Figure 19 - Sea beet seed material and rust isolates were sampled across locations in Europe. Google My Maps. 

Sea beet seeds were collected from English sites (A and B) over the summer of 2019, or provided by collaborating 

teams from Denmark (C) (Thies Marten Heick, Aarhus University) or from Spain and France (D and E) (Isabelle de 

Cauwer, Université de Lille). Coloured pins represent the sea beet sampling sites; factory symbols represent the 

sugar refinery locations in England (A) and pink stars represent the English and Danish beet rust sampling sites (A 

and C). 

 

In each experiment, four individuals from the same mother plant were grown, with a mean 

of seven mothers from each site. Addi3onally, agricultural sugar beets were provided either 

by the BBRO or by the industrial partner, KWS (Figure 20). These were used as posi3ve 

controls. Indeed, each KWS agricultural line is associated with a known rust suscep3bility 

level that allows to assess the success of the rust inocula3on method. Moreover, the sugar 

beets provided by the BBRO were rust suscep3ble. The number of plants from each site is 

comparable between the three experiments, with a difference in the last experiment, where 

the propor3on of agricultural plants was increased to distribute more posi3ve controls across 
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trays. Overall, seeds from the same mother plants were used in the three experiments, with 

poten3al misses due to seeds that did not germinate. 

 

 
Figure 20 - Three inoculation experiments involve a similar composition of plant sampling sites.  

Three experiments involving the rusts sampled in Norfolk (A, included 580 beets), Lincolnshire (B, included 562 

beets) and Denmark (C, included 589 beets). UK_EC = east coast of England, UK_WC = west coast of England. 

Inner partitions reflect site use within broader regions listed as outer partitions. 

 

A subset of sea beets from the three trials was selected for DNA extrac3on and short read 

whole genome sequencing (Figure 21): approximately 10% of the plants for the Norfolk and 

Lincolnshire experiments, and around 40% of the plants for the Denmark experiment. The 

most and least rust infected individuals were chosen, in order to have the best chance to 

generate two groups showing differences for rust resistance. A larger number of plants was 

sequenced in the experiment involving a Danish rust, in order to include addi3onal 

phenotypes which were recorded among plants grown in more controlled condi3ons than 

the other two trials.  
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Figure 21 – Association genetics was based on genome sequencing of 370 sea beets from three large-scale rust 

inoculation experiments.  

Plants are represented as squares in the three experiments inoculated with a rust from Norfolk (A), Lincolnshire 

(B), and Denmark (C). Plants were sequenced from those most resistant (green squares) and most susceptible 

(red squares) rust infected sea beets. Each square represents a plant part of the experiment, the squares being 

ordered per level of resistance, except for agricultural beets being represented in grey (which were not 

sequenced). The plants selected for genome sequencing are represented in green (resistant plants) and red 

(susceptible plants). The plants represented in blue (sea beets) and grey (sugar beets) were not selected for 

genome sequencing. 60 plants out of 580 (A) or 562 (B) were selected for sequencing in the Norfolk and 

Lincolnshire rust experiments, respectively, and 250 plants out of 589 were selected for sequencing in the Danish 

rust experiment. This third selection (C) included a broader sample of the distribution of resistant and susceptible 

plants and was also designed to include different agromorphological phenotypes.  

 

The whole-genome short-read sequencing data were used to conduct an associa3on gene3cs 

analysis for each rust strain. The methodology was adapted from the AgRenSeq method164: 

51-mers are extracted from the sequencing data of each individual, pre-filtered based on 

their correla3on with the rust phenotype, and a score reflec3ng the strength of the 

associa3on between the presence of the 51-mer and the phenotype is calculated using a 

generalized linear model. This score is then ploBed against a set of NLR orthogroups 

extracted from the eleven sea beet genome assemblies generated in the Chapter II, to 

iden3fy which NLR orthogroups may provide resistance against the rust pathogen. 

 

To summarise, the present study conducted a large-scale associa3on gene3c study adapted 

from the AgRenSeq method164, involving inocula3on of approximately 1,800 wild sea beets, 

with two local (UK) rust isolates and an addi3onal isolate from Denmark. Considering the 

strategies used, such as involving a panel of Atlan3c and Mediterranean individuals most 

likely sampled in popula3ons harbouring a different gene3c background; taking advantage of 

k-mers to iden3fy polymorphisms associated with rust resistance; being able to map 
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associated k-mers either on NLR loci or on whole genome data; retrieving the associated k-

mers from a collec3on of NLR loci extracted from eleven good quality genome assemblies 

(see Chapter II), good condi3ons are met to find interes3ng loci for beet culture 

improvement.  

 

In addi3on to the poten3al discoveries enabled by sequencing data from hundreds of sea 

beets, the phenotyping of almost two thousand wild plants in controlled inocula3on trials 

can give significant insights about suscep3bility differences between sites, popula3ons, 

countries, and about host adapta3on to local and/or non-local pathogens. Moreover, this 

analysis allows the comparison of the degree of suscep3bility between wild and agricultural 

beets, and enables tes3ng the assump3on that wild plants would be overall more resistant 

than their domes3cated counterparts. 

 

This analysis could test hypotheses, such as “Are sugar beets more rust suscep.ble than their 

wild counterparts?”, and reveal differences in the NLRs under selec3on when observing 

different loca3ons. Indeed, the rust and the effectors it releases poten3ally differ between 

loca3ons, and different NLR genes are expected to be subject to selec3on across popula3ons, 

as it has previously been shown by Stam et al.172, studying wild tomato popula3ons. Evidence 

of selec3on of different resistance polymorphism is best analysed between eastern and 

western English popula3ons of sea beets because of the predominance of sugar beets around 

the four beet factories in the east of England (see Chapter IV). 

 

 

III - B. Results 

 

III - B. 1. Large-scale sea beet rust inocula.on experiments are 

replicable with different rust isolates 

 

Rust pustules were observed on sea beet leaves in all three inocula3on experiments, within 

the three weeks post inocula3on (Figure 22).  
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Figure 22 - Controlled rust inoculations reveal a range of susceptibilities across sea beet individuals.  

Rust susceptibility observed through the number of rust pustules within the three weeks post inoculation. 

 

Retrieving applicable suscep3bility scores is paramount, so rust suscep3bility was recorded 

both as the propor3on of infected leaves (data not shown) as well as the total number of rust 

pustules per plant (Figure 23). More than 50% of the plants were infected in each experiment 

(Norfolk, 55%, Lincolnshire, 62%; Denmark, 77%). Interes3ngly, the experiment involving the 

Danish rust showed both a higher propor3on of infected plants, as well as increased pustule 

load per plant (mean pustule number: Norfolk=12.4, Lincolnshire=16.3, Denmark=36.0). The 

most immediate observa3on, that English beets infected by Danish rust are impacted to a 

greater degree, was confirmed with a Mann-Whitney U test to compare the distribu3on of 

the two datasets (U=445482.0, p-value=4.47e-30). This result is par3cularly interes3ng given 

predic3ons of local adapta3on by the Red Queen hypothesis. Indeed, this hypothesis comes 

from an analogy with the queen from the Lewis Caroll’s Through the Looking Glass novel, 

who tells Alice “Now, here, you see, it takes all the running you can do, to keep in the same 

place.” The hypothesis was proposed by Leigh Van Valen in the 70’s, sta3ng that in order to 

survive, species need to con3nuously evolve and adapt to their evolving environment, such 

as the evolu3on of their pathogens. Unfortunately, here, there are several differences 

between the experiments which prevent reliably iden3fying the cause for this difference of 

degree of infec3on (i.e. a higher number of agricultural plants in the D experiment). 
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Figure 23 - Rust susceptibility per plant.  

The susceptibility phenotype, or total number of pustules per plant, is presented per rust sample utilised in the 

inoculation trial. Norfolk trial = 554 sea beets, Lincolnshire trial = 538 sea beets, Denmark trial = 537 sea beets.  

An interes3ng observa3on resides in the fact that crop plants were more infected than the 

wild beets, both in the propor3on of infected plants and in the total number of rust pustules. 

This second statement was tested using a Mann-Whitney U test to compare the distribu3ons 

of the two datasets (U=142478.0, p-value=1.18e-35). This reinforces the idea that rust 

resistance is more prevalent in the wild than in cul3vated sugar beet lines. Every sugar beet 

provided by KWS was infected in the N and D trials, and 23% of those were non-infected in 

the L trial. Regarding the average number of pustules, infected plants provided by KWS 

harboured, on average, 5.1 (63.29 vs 12.37), 2.9 (47.14 vs 16.33) and 4.6 3mes (166.5 vs 

36.09) more pustules than wild plants (N, L and D, respec3vely). Moreover, the most infected 

plant from KWS was 1.7 (376.5 vs 217.5) and 1.3 (636.5 vs 488.5) 3mes more infected than 

the most infected wild plant in the N and D trials, respec3vely. In the L trial, the most infected 

plant from the agricultural and wild groups harboured a similar number of pustules.  

 

Looking more in detail in the rust suscep3bility data, and comparing the beet phenotypes per 

site of provenance (Figure 24), the first observa3on is that sea beets from almost all the sites 

have been more sensi3ve to the Danish rust and more resistant to the rust from Norfolk. 

Interes3ngly, and inconsistent with local adapta3on (Red Queen), the Danish sea beets show 

the same paBern.  

 

Suscep3bility also differs among sites. One site that exemplifies this is the Humber, the 

northernmost popula3on on the east coast of England. For all rust strains tested, this 

popula3on shows a greater average number of pustules than almost all the other sea beet 

popula3ons (Spanish popula3on set aside because of low numbers of individuals). This 
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emphasises the importance of controlling popula3on stra3fica3on in an associa3on gene3cs 

analysis. Moreover, when considering the impact of the two Bri3sh rusts, sea beets from the 

west English coast (from Merseyside and Cheshire) show more suscep3bility than the sea 

beets from the east coast (Norfolk, Suffolk and Essex). Indeed, the mean number of rust 

pustules on plants from the Merseyside/Cheshire regions (west coast) was higher in the two 

trials (N=10.8, L=12.12) than when plants were origina3ng from the east coast (Norfolk, 

Suffolk and Essex; N=6.40, L=7.17). 

 

 
Figure 24 – Rust susceptibility has some trends at the site level.  

Crosses represent the average of the number of pustules per plant per site. Sites are coloured by geographical 

regions (vertical bars). Sites may be grouped into those on the west of England (Merseyside, Cheshire), the east 

of England (Norfolk, Suffolk, Essex), the northeast of England (Humberside) and countries from mainland Europe. 

Rust susceptibility corresponds to the total number of rust pustules on each plant, recorded four weeks post 

inoculation. The absence of error bars for some sites reflects the low number of individuals from these sites 

involved in the study (e.g. Spain). 

 

Suscep3bility scores of KWS plants correlate somewhat with known KWS suscep3bility 

metrics. In each case, a posi3ve correla3on is iden3fied between the sugar beet lines’ 

recorded suscep3bility and their known suscep3bility score (Figure 25). However, for the last 

experiment (Figure 25, panel C), the correla3on is less marked than for the other two 

experiments. Again, this paBern is interes3ng and could reflect the use of an overseas rust 

strain. Overall, these results allowed to validate the success of the rust inocula3on step, 
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especially considering the difficul3es associated with recapitula3ng a correla3on between a 

score and a direct count of pustules, in presumably different condi3ons. 

 

 
Figure 25 – Sugar beet rust susceptibility recapitulates expected KWS’s trend.  

The total number of pustules was recorded, at 25-26-27 DPI (days post inoculation), on KWS lines with a known 

rust susceptibility score. Twelve lines from KWS were integrated in the experiments, as duplicates in the two 

experiments involving an English rust, and as quadruplicates in the experiment involving a Danish rust sample. 

The correlation coefficients are r=0.44 (A), r=0.36 (B) and r=0.14 (C). 

 

 

III - B. 2. Iden.fica.on of NLR loci providing resistance against 

English beet rust samples 

 

Beta vulgaris mari.ma cons3tutes a wild reservoir of yet unexplored resistance genes. By 

u3lising the resistance phenotypes (above), the next aim is to use gene3c diversity to iden3fy 

loci providing resistance against the Uromyces be.cola pathogen.  

 

Genotyping was performed by re-sequencing the whole genomes of selected individuals 

from within each of the three replicates (N, L & D). However, the sequencing strategy was 

different between the Norfolk & Lincolnshire, and the Denmark replicates. In N & L replicates, 

from the approximately 600 plants in each trial, 60 plants were re-sequenced (from most 

resistant and most suscep3ble classes). In the D replicate, 250 plants were re-sequenced. 

Associa3ons were analysed using k-mers (51-mers), and an associa3on gene3cs analysis 

adapted from Arora et al.173 was performed. k-mers posi3vely correlated with resistance 

were analysed and tested through a regression analysis, and a PCA was used to control for 

popula3on structure.  
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To iden3fy resistance loci, k-mers were mapped to NLR loci extracted from the pan-genome 

generated in this work (see Chapter II), comprising eleven high-quality sea beet genomes and 

classified into orthogroups comprising both orthologs and paralogs. An average of 196 NLR 

loci was extracted per genome, with a total of 2,157 poten3al resistance-bearing loci 

explored, including 1,127 full-length NLRs and 1,030 truncated or single-domain NLR loci. In 

the interest of reducing complexity when plosng, the NLR loci from the mul3ple genomes 

were categorised into orthogroups (see Chapter II). The nega3ve decimal logarithm of the P 

values of each k-mer was mapped against these orthogroups, with an aim of seeking loci 

showing numerous highly associated k-mers.  

 

Standout associa3ons of orthogroups with k-mers to a resistance phenotype are not obvious 

in ManhaBan style plots (Figure 26, Figure 27). Orthogroups with peaks of interest could be 

categorised in two ways, i.e. they have one (or few) high associa3on scores atop a sparsely 

populated peak of values (henceforth “max”). For example, the Norfolk rust experiment 

contains nine orthogroups with the highest associa3on score. Alterna3vely, there are another 

three orthogroups that don’t receive the highest score, but that do have very well-defined 

peaks caused by high associa3on scores throughout their range, producing a high mean score 

(henceforth “mean”). It is somewhat difficult to set a threshold P value given this paBern. 

However, in the present study, mul3ple replicated experiments have been run and 

orthogroup performance in mul3ple trials might be used to dis3nguish chance from a real 

underlying resistance associa3on. Given the geographic proximity between the rusts used in 

the N & L replicates, orthogroup performance in both experiments are compared here using 

these broad defini3ons (e.g. max associa3on score, and mean associa3on score). 
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Figure 26 – NLR orthogroup Norfolk rust association scores.  

k-mer-based association genetics on NLR loci extracted from 59 sea beets, looking for resistance against a rust 

sample collected in Norfolk. Each vertical line corresponds to a sea beet NLR orthogroup. Each dot represents k-

mers positively associated with the resistance phenotype, sharing the exact same associations score. The larger 

the dot is, the greater the number of k-mers is. The strength of the association is expressed using the negative 

logarithm of the calculated P value (y-axis). The darker an orthogroup is coloured, the more sea beet genome 

assemblies possess it. OG0000043, OG0000048, OG0000122, OG0000123 and OG0000124 are highlighted in 

yellow, from left to right. k = 51.  
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Perhaps the clearest set of peaks in the Norfolk experiment is the three orthogroups with 

clear peaks defined by generally high associa3on scores across their range: OG0000122, 

OG0000123 and OG0000124 (Figure 26). However, these three orthogroups are not 

immediately apparent in the Lincolnshire replicate (Figure 27). To account for orthogroup 

performance over a range of k-mer scores, the mean score per orthogroup is calculated in 

order to dis3nguish those orthogroups that receive one high (max) score from those that 

receive generally high scores across the whole range of the peak (mean). Interes3ngly, while 

those Norfolk k-mers from the mean orthogroups OG0000122, OG0000123 and OG0000124 

don’t appear to be the most associated k-mers with Lincolnshire replicate, their mean 

associa3on scores are nevertheless among the highest in that trial (Figure 28). 
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Figure 27 - NLR orthogroup Lincolnshire rust association scores.  

k-mer-based association genetics NLR loci extracted from 60 sea beets, looking for resistance against a rust 

sample collected in the Lincolnshire. Each vertical line corresponds to a sea beet NLR orthogroup. Each dot 

represents k-mers positively associated with the resistance phenotype, sharing the exact same associations score. 

The larger the dot is, the greater the number of k-mers is. The strength of the association is expressed using the 

negative logarithm of the calculated P value (y-axis). The darker an orthogroup is coloured, the more sea beet 

genome assemblies possess it. OG0000043, OG0000048, OG0000122, OG0000123 and OG0000124 are 

highlighted in yellow, from left to right. k = 51. 
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However, they are not the highest peaks in the Norfolk trial (5.20, 5.47, 5.04, respec3vely for 

OG0000122, OG0000123 and OG0000124). Two orthogroups are among the highest peak 

scores (max) in both Norfolk and Lincolnshire replicates (Figure 28): OG0000048 displays the 

second highest score (5.61) in the Norfolk trial and the highest score in the Lincolnshire trial 

(6.014). OG0000043 shows the highest score (5.80) in the Norfolk trial and the second highest 

score with the Lincolnshire rust (5.373) (Figure 26, Figure 27). 

 

 
Figure 28 – Five NLR loci are associated with rust resistance in both English rust experiments.  

Mean association score (A) or highest score (B) per NLR orthogroup with rust resistance compared between the 

experiments involving rust collected in Norfolk and rust collected in the Lincolnshire. The NLR orthogroups 

OG0000122, OG0000123 and OG0000124 are coloured in red and the orthogroups OG0000043 and OG0000048 

are coloured in blue.  

 

The k length of 51 was chosen primarily because it was demonstrated to be effec3ve in the 

original AgRenSeq study. Addi3onally, a large size allows specificity of k-mer mapping, 

enabling the differen3a3on of NLR sequences with high sequence iden3ty. A shorter k length, 

however, was also tested using the Norfolk experiment data. With this modified parameter, 

the three orthogroups OG0000122, OG0000123 and OG0000124 were retrieved, displaying 

a similar profile to that obtained with k=51 (data not shown). However, no addi3onal peaks 

were iden3fied. Consequently, 51 was selected as the k value for the remainder of the 

analyses.  
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III - B. 3. Associa.on gene.cs for resistance against a rust isolate 

from mainland Europe 

 

The sea beets sampled in this study mostly originate from the east and west coasts of 

England. It is reasonable to assume that these sea beets have co-evolved with local rust 

strains. Therefore, it is interes3ng to observe the performance of UK beets in response to a 

non-local rust strain and more specifically, if the resistant orthogroups are the same. Due to 

the nature of the use of a non-na3ve (non-UK) rust isolate, the Danish rust trial included 589 

mainly English sea beets grown and inoculated in contained (category 2) controlled 

condi3ons, of which 245 had their whole genome re-sequenced. 

 

There was no apparent rela3onship between the well performing orthogroups in the 

Denmark trial with either the Norfolk or Lincolnshire trials (Figure S1). The NLR orthogroup 

showing the max associa3on score in this Denmark trial is OG0000057, with a score of 11.39 

(Figure 29), and this orthogroup is also ranked 21st when using the mean score per 

orthogroup. On the other hand, an orthogroup showing a high mean score throughout the 

range of its k-mers and appears as a peak is the orthogroup OG0000165 (mean score = 1.2, 

rank=2nd).  

 

The three orthogroups OG0000122, OG0000123 and OG0000124, that were iden3fied has 

having high mean scores in both N & L trials, are not among the highest associated NLRs in 

this Danish trial, with respec3ve highest scores of 2.3, 1.94 and 1.58 and respec3ve ranks of 

104th, 132nd and 140th when considering the mean associa3on score per orthogroup. 

Regarding the two orthogroups from N and L trials showing max associa3on scores 

(OG0000043 and OG0000048), they too don’t stand out neither using the highest associa3on 

scores (3.45 and 3.84) nor their rank (44th and the 49th).  
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Figure 29 - k-mer-based association genetics NLR loci extracted from 245 sea beets, looking for resistance 

against a rust sample collected in Denmark.  

Each vertical line corresponds to a sea beet NLR orthogroup. Each dot represents k-mers positively associated 

with the resistance phenotype, sharing the exact same associations score. The larger the dot is, the greater the 

number of k-mers is. The strength of the association is expressed using the negative logarithm of the calculated 

P value (y-axis). The darker an orthogroup is coloured, the more sea beet genome assemblies possess it. k = 51. 
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III - B. 4. Associa.on gene.cs in nature 

 

Can an associa.on study directly carried on wild individuals iden.fy resistance genes against 

the rust pathogen? A key aspect of the present work is not just to ascertain whether a k-mer-

based approach can be used directly on wild hosts grown and inoculated in controlled 

condi3ons, but also if it is possible to skip controlled pathogen inocula3on steps and consider 

natural pathogen infec3on. To answer this ques3on and see if the mean and max NLR 

orthogroups OG0000122, OG0000123, OG0000124, OG0000043 and OG0000048 would be 

highlighted by an associa3on study run directly in the wild, rust phenotypes were recorded 

on sea beets in their natural environment over the 2019 season. A total of 133 wild 

individuals from 14 sites in England along the western (4 sites) and eastern (10 sites) coasts 

were recorded as either infected or uninfected, depending on the presence of at least one 

rust pustule on their leaves (Figure 30). 

 

Most of the sea beets randomly selected and phenotyped in their natural habitat didn’t show 

any rust infec3on, but a considerable propor3on (25.6%) were infected with the rust fungus 

(Figure 31). Interes3ngly, the propor3on of beets harbouring signs of rust infec3on was 

greater (48.5%) on the west coast than on the east coast (17.4%).  
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Figure 30 - Almost 30% of sea beets phenotyped in their natural habitat showed signs of rust infection. 

Proportion of rust infected and rust non-infected plants from 133 wild sea beets sampled in 14 sites, on east and 

west English coasts. Any site having less than 5 beets phenotyped is not included in the statistics. 

 

Whole-genome re-sequencing data from 118 wild individuals with a known rust phenotype 

were generated. On the k-mer-based associa3on analysis, visually, three orthogroups stand 

out from the associa3on plot as max peaks (Figure 31). The first two peaks are both new 

orthogroups, with respect to a resistance associa3on; the third peak, however, is from the 

OG0000048 orthogroup and shows a high score (4.9). Interes3ngly, as well as having the 

highest max score, it is also ranked as the 16th orthogroup for the mean score alongside its 

associated k-mers.  
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Figure 31 - k-mer-based association genetics NLR loci extracted from 118 wild sea beets, looking for resistance 

against rust.  

Each vertical line corresponds to a sea beet NLR orthogroup. Each dot represents k-mers positively associated 

with the resistance phenotype, sharing the exact same associations score. The larger the dot is, the greater the 

number of k-mers is. The strength of the association is expressed using the negative logarithm of the calculated 

P value (y-axis). The darker an orthogroup is coloured, the more sea beet genome assemblies possess it. k = 51. 
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The NLR loci here associated with rust resistance in the different trials were then explored in 

more details. The orthogroups OG0000122, OG0000123 and OG0000124 are present once in 

each one of the eleven sea beet genome assemblies, except from the Spanish 

Es_Catalonia_378 (Table S7). Two of these loci correspond to full-length CC-NLRs 

(OG0000122 and OG0000123), and the third one corresponds to an NLR locus missing the N-

terminal domain (OG0000124). Intriguingly, these three loci are physically linked. Indeed, in 

each genome, they are found on the same con3g. The two full-length NLRs are separated by 

a distance ranging from 12,742 bp to 34,202 bp, depending on the genome observed. The 

truncated NLR is present on the opposite strand, upstream of the other loci by a distance 

ranging from 21,031 bp to 23,986 bp.  

 

The two orthogroups showing high (max) associa3on scores in Norfolk and Lincolnshire trials, 

i.e. OG0000048 and OG0000043, are not present on the same con3g in any of the eleven 

genome assemblies. OG0000048 is a full-length CC-NLR present in all the eleven sea beet 

assemblies, and as paralogous genes in Dk_Sjælland_406 (Table S7). OG0000043 is also a full-

length CC-NLR present in all the eleven assemblies, and as paralogous genes in 

Es_Catalonia_378 (Table S7).  

 

OG0000057, iden3fied as associated against the Danish rust sample, corresponds to an NLR 

orthogroup lacking the N-terminus part, only possessing the NBARC and LRR domains. This 

locus is prevalent in the eleven assemblies (Table S7), but the highest score isn’t observed 

when the k-mers are mapped against the French genome, Fr_Bretagne_309, perhaps 

sugges3ng allelic diversity not present in that genome. OG0000165 corresponds to a CC-NLR, 

present in 5 genomes out of 11 (Gb_Essex_038, Gb_Norfolk_095, Gb_Merseyside_206, 

Dk_Sjælland_406 and Gb_Norfolk_426), as a single occurrence (Table S7). Interes3ngly, this 

orthogroup is present in the Danish genome Dk_Sjælland_406.  

 

From the natural infec3on trial, the NLR locus displaying the highest score belongs to the 

orthogroup OG0000001 (5.07). It is a CC-NLR and also ranks as the 5th orthogroup for the 

mean score of its k-mers. It is the second largest orthogroup (41 genes). Loci from this 

orthogroup are present between 2 and 6 3mes in a same genome (Table S7) and are 

physically linked as they are systema3cally found on the same con3g. The second highest 

score belongs to the OG0000099 orthogroup (5.03), a CC-NLR present in all assemblies (Table 
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S7) which, very interes3ngly, is also ranked as the 3rd one for its mean k-mer score. These two 

orthogroups don’t seem to be strongly associated with resistance against either the Norfolk 

or the Lincolnshire rust studies.  

 

To summarise the wild associa3on gene3cs analysis (phenotyped in their natural habitat), the 

three physically linked orthogroups which had shown high mean associa3on scores both 

when inocula3ng plants with rusts from Norfolk and Lincolnshire do not stand out. However, 

one of the two NLRs displaying one of the highest (max) scores in these two previous 

experiments also carries a strong associa3on in the wild analysis (Figure 32). This is a 

promising result as, not having validated any of the five associa3ons made from controlled 

trials, this wild finding poten3ally adds weight to that result. Moreover, aper tes3ng and 

valida3ng this wild candidate resistance gene, it would suggest the method u3lised here 

could be an effec3ve and low-cost way to quickly iden3fy resistance genes directly in crop 

wild rela3ves. 

 

 
Figure 32 - Five NLR loci show association with resistance against different rust isolates.  

k-mer-based association analyses between orthogroups of NLR loci and resistance against rust samples collected 

in Norfolk (A), Lincolnshire (B), or resistance against natural sea beet rust infections (C). k = 51. Each vertical line 
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corresponds to a sea beet NLR orthogroup. Each dot represents k-mers positively associated with the resistance 

phenotype, sharing the exact same associations score. The larger the dot is, the greater the number of k-mers. 

The strength of the association is expressed using the negative logarithm of the calculated P value (y-axis). From 

left to right, the orthogroups OG0000043 and OG0000048 are coloured in blue and the orthogroups OG0000122, 

OG0000123 and OG0000124 are coloured in red.  

 

 

III - C. Discussion 

 

To summarise the main results observed through four associa3on gene3cs analyses involving 

different beet rusts, three physically linked NLR loci have been iden3fied as showing high 

mean associa3on scores throughout their k-mers in both the trials involving the Norfolk and 

the Lincolnshire rusts. These loci belong to the orthogroups OG0000122, OG0000123 and 

OG0000124. On another side, two NLR loci belonging to the orthogroups OG0000043 and 

OG0000048 showed (max) associa3on scores amongst the highest in the Norfolk and 

Lincolnshire trials. Importantly, one of them (OG0000048) was also iden3fied in the trial 

conducted directly on naturally infected wild hosts. Although similari3es were thus iden3fied 

between independent UK analyses, this was not the case when considering the inocula3on 

trial involving a non-UK rust. These main results are discussed here, as well as addi3onal 

results, such as differences of infec3vity between rust samples, differences of suscep3bility 

between plants, the poten3al improvements of the method u3lised here and further work 

which could be considered to con3nue this project.  

 

One of the first results observed is the difference in infec3vity and virulence between rust 

samples inoculated in the three trials. Indeed, the Danish rust performed beBer than the two 

UK rusts, both in its capacity to infect and in the degree of the infec3on observed. This is 

consistent with the hypothesis that coevolu3on with a na3ve rust has preserved local 

resistance that is important to detect and react before the establishment of the invasion by 

Norfolk and Lincolnshire rusts. However, comparing UK rusts methods and the Danish rust 

method, we cannot account for the impact of the extra level of controlled environmental 

condi3ons (Category 2) required to infect with a non-na3ve pathogen in the UK. If the crops 

incorporated into the trials are considered as controls and compared between experiments, 

increased infec3on in these controls suggest that the plant growth and incuba3on condi3ons 
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played a role in the results observed due to these controls being more infected in the 

Denmark trial. 

 

Following on the differences in beet suscep3bili3es, UK rust inocula3ons revealed a higher 

suscep3bility for Bri3sh wild beets origina3ng from the west coast than the ones from the 

east coast. These results corroborate again the fact that hosts and pathogens coevolve at 

local scales and that it is probable that sea beets from the east coast are adapted to face a 

crop-pathogen aBack when the rust is sampled in the same area. However, this paBern of 

increased suscep3bility of western wild beets is also observed when considering natural 

infec3ons of sea beets, as plants sampled in their natural environment were on average more 

open infected on the west than on the east coast. This observa3on suggests perhaps the 

differences in weather condi3ons, as this western region (Liverpool) is weBer than the sites 

bordering the east coast. This could then be a more favourable environment for the rust 

disease to seBle the infec3on once the spores have landed on sea beet leaves. This sets the 

importance of iden3fying resistance genes in situ in a mari3me weather environment that 

may be more conducive to the growth of fungi.  

 

The trials highlighted a clear difference in the sea beet versus the crops rust suscep3bility. 

This could correspond to a clear observa3on of the loss of gene3c diversity during the 

boBleneck induced by domes3ca3on. However, conclusions can’t be drawn due to 

differences between the two groups compared: the number of wild and crop plants is, first, 

very different, moreover, the sugar beets u3lised were chosen for their rust suscep3bility. 

Indeed, despite varying degrees of rust resistance, all KWS lines did get infected in at least 

one of the experiments. Furthermore, the plants provided by the BBRO also have a 

suscep3ble genotype. It could then be argued that no resistant sugar beets were 

incorporated in the trials, and that these results are biased towards suscep3bility in control 

beets. Moreover, sugar beets’ genomic background is from the Mediterranean sea beet 

group10, thus, their set of resistance genes may be different in general from the Atlan3c beets, 

not only because of a boBleneck, but the gene3c background could be an important 

determiner for the way these plants respond to the pathogen.  

 

One addi3onal observa3on regarding the crops u3lised resides in the way KWS’s lines showed 

less correla3on between KWS’s suscep3bility scores and the scores recorded in this work 

when the Danish rust was inoculated. This could be due to the nature of the rust u3lised in 
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KWS’s trials to evaluate the suscep3bility of their lines: if the rust isolate tested is gene3cally 

closer to English rust than to Danish rust, it could account for the lack of reproducibility of 

the suscep3bility results, and again highlights the importance of local co-evolu3on.  

 

To close the phenotypic aspect of the results and touch now on the genotypic observa3ons, 

the absence of clear associa3on peak(s) on the ManhaBan-like plots can’t be ignored. 

Instead, the major outcome of the analysis is the differences in the most associated (max 

score or mean score) loci between experiments. The fact that English-Danish rust experiment 

outcomes were more different than the English-English ones 3es in with the higher 

suscep3bility of western beets towards the east Anglian rusts compared to eastern beets. 

This highlights indeed the phenomenon of coevolu3on and the spa3al selec3on of the NLR 

genes to local pathogens. This aspect is noted as well when looking at the orthogroup 

OG0000165, performing well against the Danish pathogen, and, despite lacking in more than 

half the genome assemblies studied, is present in the Danish sea beet genome.  

 

Interes3ngly, comparing outcomes between trials facilitated highligh3ng of five NLR loci 

poten3ally providing resistance against east England rust pathogens. Moreover, iden3fying 

one of these loci performing the associa3on study directly in a wild sesng reinforces on one 

hand the idea that this gene is of major importance to contribute to English rust resistance. 

On the other hand, this gives informa3on about the efficiency of conduc3ng associa3on 

gene3c studies directly on wild hosts, without sesng any plant growth nor pathogen 

inocula3on trials. Furthermore, these results are promising indica3ons that results are not 

due to false-posi3ve signals, as the iden3fica3on of the same genes in independent studies 

involving different pathogens strengthens the probability that these loci actually correspond 

to true posi3ve signals. 

 

Looking in detail at the four full-length poten3al resistance genes iden3fied, an intriguing 

detail is the prevalence of CC-NLRs and the absence of TIR-NLRs. This result must be put in 

the context of the low propor3on of TIR-NLRs among the collec3on of NLRs harboured by the 

eleven sea beet genomes assembled in Chapter II (1 to 5 TIR-NLR per genome). Interes3ngly, 

truncated NLRs have been reported as being of great importance for pathogen resistance, 

playing the role of antagonists to their neighbouring full-length NLRs174. However, the 

loca3on of this locus classified among the OG0000124 orthogroup in a haplotype with two 

other associated loci (OG0000122 and OG0000123) could in reality correspond to a single 
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element part of this haplotype actually being involved in the resistance. The associa3on 

analysis would then have highlighted a broad signal for this region, and the real signal could 

reside in only one of these loci. Another hypothesis would be that these physically linked 

genes have great chance to be co-expressed and to func3on together in the resistance 

process.  

 

While the NLR repertoire extracted from only eleven sea beet genomes is analysed here, with 

a single representa3ve of the Mediterranean group (Es_Catalonia_378), it is an exci3ng result 

to note that this par3cular genome is the only one missing the orthogroups OG0000122, 

OG0000123 and OG0000124. This concords with the differences of suscep3bility phenotypes 

between the wild and cul3vated beet groups: it makes sense that descendants from the 

Mediterranean split differ in their repertoire of NLRs compared to descendants from the 

Atlan3c group, and that major resistance genes in one group misses in the other one. This 

has been demonstrated by Sandell et al., with the example of the mildew pathogen: 

Mediterranean sea beets were shown to possess resistance against this local pathogen, 

lacking in the genome of Atlan3c sea beets10. To come back to rust resistance, regarding the 

fact that each one of the three orthogroups lacks in the Spanish genome, it could be 

explained by their close proximity. It is indeed understandable that either genomes possess 

the three genes or none of them. It is also poten3ally promising from the perspec3ve of 

introducing varia3on by breeding. 

 

The k-mer-based method chosen in this study to search for resistance genes is different from 

a conven3onal GWAS analysis in the way that the associa3on is performed directly comparing 

the set of k-mers between samples, instead of relying on gene3c markers from a reference 

genome. This k-mer method is par3cularly suitable in the present work as sea beet is a wild 

species without a reference genome available, and the method focuses on NLR genes, 

allowing a rapid resistance gene iden3fica3on. This is however also a downside of the present 

method, as resistance-associated elements situated at another loca3on in the genome would 

be missed. Hypothesising that beet rust resistance is carried by NLR gene(s), a k-mer-based 

method is expected to perform beBer in a non-model or non-crop organism, and to allow a 

rapid iden3fica3on of resistance. 

 

Several hypotheses can explain the absence of a clear associa3on peak in this study. First, 

“the gene” responsible for resistance against one or mul3ple inoculated rusts in the panel of 
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sea beets could simply be absent in all the eleven genome assemblies. Alterna3vely, beet rust 

resistance could be a polygenic trait that the method used here couldn’t iden3fy. Importantly, 

the method applied in this work can be improved in several ways, one of them being the 

enlargement of the panel of NLR loci described, through the HiFi sequencing of addi3onal 

genomes, extending the so-far generated pan-NLRome (Chapter II). Alterna3vely, this can be 

done by re-sequencing the panel of beets part of the experiments with a deeper coverage, 

to have the opportunity to map the associated k-mers against NLR genes extracted from 

many genomes having been phenotyped for their resistance. This last point raises another 

poten3al improvement in the design of the associa3on analysis: in the current case, for 

logis3cal concerns, the pan-genome established in the Chapter II comes from the trial 

involving the Danish rust. A beBer design would include, in the collec3on of assemblies, 

genomes from plants subject to the inocula3on of the two English rusts. On the rust side, 

constraints of 3me, space and resources limited the experiment to the use of samples from 

a single field. Reducing the pathogen input to a single isolate per experiment would reduce 

the number of effectors released inside the host, and, therefore, likely make an associa3on 

signal appear clearer. Furthermore, numerous results in the present study are indica3ve of 

local adapta3on to pathogen species and this increases the requirement to sequence the rust 

strains used, as well as perhaps survey for rust popula3ons in the wild. 

 

A key next step for the present work would consist in the test and valida3on of the five 

candidate loci poten3ally providing resistance against the English rust. To do so, one way 

would be to analyse the expression profile of these different NLR genes, and look at a 

poten3al change in the gene expression throughout pathogen infec3on, corroborant with the 

associa3on with resistance that has been reported. If these analyses are conclusive, the final 

step would reside in the cloning of single and/or mul3ple loci into rust suscep3ble beets, to 

test on one hand the func3onality of these genes as singletons and, on the other hand, to 

test the three loci OG0000122, OG0000123 and OG0000124 for their efficiency as a cluster 

of NLRs func3oning together. 
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III - D. Material and methods 

 

Plant sampling and phenotypes recording in natural environment 

 

Fourteen coastal sites were visited over the summer 2019 to select approximately 15 plants 

and aBach bags around flowers. A second visit few months later aimed to collect the bags 

containing seeds. During these two visits per site, leaf material from the plants sampled for 

their seeds was collected, and phenotypes were recorded for the presence/absence of leaf 

diseases. Collaborators from Aarhus University (Thies Marten Heick) and the University of 

Lille (Isabelle de Cauwer) kindly shared addi3onal seeds from mainland European loca3ons: 

Denmark, and France & Spain, respec3vely.  

 

Rust sampling and bulking 

 

The BBRO kindly provided two rust samples from Norfolk and Lincolnshire sugar beet fields. 

The sample from Norfolk (referred as N rust) was collected in October 2019 and the sample 

from the Lincolnshire (L rust) was collected over the 2020 and 2021 seasons. These samples 

have been bulked in the laboratory to increase the amount of inoculum available for the 

large-scale trials, through successive cycles of rust inocula3on/collec3on using rust 

suscep3ble sugar beets provided by the BBRO. Aper collec3on, rust samples were desiccated 

for 3 days in a desiccator with desicca3on granules, and stored at -80°C.  

 

Two rust samples from Denmark (D rust) were kindly provided by Thies Marten Heick, 

respec3vely collected in 2018 and 2021. 

 

The rust material u3lised in this study is non-monogenic as it hasn’t been boBlenecked from 

a single spore, but corresponds to samples from the same loca3on, i.e. same sugar beet field.  

 

Large-scale beet growth in controlled environments 

 

In average, seven mother plants per site were selected to provide four individuals included 

in the analysis (Table S8). The seeds were sowed in 9cm diameter pots using the “cereal mix” 

soil provided by the John Innes Centre Hor3cultural Services in April, May and November 

2021, respec3vely, for the Norfolk, Lincolnshire and Denmark trials.  
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The beets taking part in the rust inocula3on experiment with rust samples from Norfolk and 

the Lincolnshire were grown on the Norwich Research Park in glasshouses providing 

automa3c watering for 3 months and 5 months, respec3vely. The plants were randomly 

dispatched on trays of approximately 15 plants. They were then moved in a level 2 

containment glasshouse. Both glasshouses and containment rooms had light levels between 

200 and 300 µmol. 

 

The beets taking part in the experiment involving the Danish rust sample were grown in a 

level 2 containment building on the NBI, dispatched in 4 growth cabinets, in 44 trays of 

approximately 15 plants. The beets were randomly dispatched following an alpha lasce 

design (alpha Gendex module, hBp://www.designcompu3ng.net/), assuring that each 

replicate contained sea beets from each region as well as agricultural beets. The design was 

created with the following arguments: v=60 (number of treatments v=ks), r=11 (number of 

replicates), k=30 (block size) and s=2 (number of blocks per replicate). The cabinets were set 

with cycles of 16 hours with 250 µmol of light at 16°C and 8 hours of dark at 14°C and 70% of 

rela3ve humidity level.  

 

Rust inoculaEon 

 

Aper one week (N rust) or 4 weeks (L rust) in the containment glasshouse, respec3vely either 

411.4 mg or 464.8 mg of agricultural rust stored at -80°C were thawed up at 42°C for 2 

minutes and mixed in 195 ml of methoxy-nonafluorobutane (3MTM NovecTM 7100 

Engineered Fluid). 5 ml of this solu3on was then sprayed onto each tray using an air gun. Each 

tray was then sprayed with water and enclosed in a plas3c bag. The plants were incubated in 

another room at 14°C in the dark for 24 hours before the bags were removed, and the plants 

transported back to the glasshouse.  

 

Aper 4 months of growth or 114 days of growth (D rust), 612.4 mg of rust stored at -80°C 

were thawed up at 42°C for 2 minutes and mixed with 220 ml of methoxy-nonafluorobutane 

(3MTM NovecTM 7100 Engineered Fluid). 5 ml of this solu3on was then sprayed onto each 

tray of approximately 15 plants using an air gun, while working in a microbiological safety 

cabinet. The plants were then incubated in the cabinets for 24 hours in the dark with 100% 
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of rela3ve humidity level at 14°C. Aper this period, the cabinets were re-programmed with 

their ini3al sesngs.  

 

Recording rust suscepEbility 

 

Rust pustules were counted by eye through two independent observa3ons, at 27-28-29 (N 

rust), 27-28-29 (L rust) and 25-26-27 (D rust) DPI. The total number of pustules was recorded 

for each plant, from every leaf. A mean was then calculated from the two independent 

observa3ons to obtain the final rust suscep3bility score.  

 

Leaf sampling 

 

In order to carry out DNA extrac3ons, leaf samples of each plant involved in the 3 

experiments were collected using a leaf puncher at 35-36-37 (N rust), 32-33 (L rust) and 39-

40-41 (D rust) DPI. 10 to 20 punches per plant were collected in Eppendorf tubes and stored 

at either -80°C or -20°C. The punches were done avoiding the main veins of the plants as well 

as rust pustules. 

 

Plant selecEon and DNA extracEon 

 

A subset of 370 sea beets from the three trials (N=60, L=60, D=250) was chosen for DNA 

extrac3on, based on rust infec3on scores, as well as 150 wild sea beets from which biological 

material was sampled on the coast. A SNP analysis using markers developed on sugar beets 

was performed by KWS on the mother plants sampled on the coast. U3lising the results from 

this genotyping analysis as well as knowledge about sister rela3onships, pairs of sea beets 

were cons3tuted in each trial, grouping the most related plants harbouring contras3ng rust 

suscep3bility phenotypes.  

 

Genomic DNA from 520 sea beets was extracted using the Qiagen DNeasy Plant Mini Kit, 

according to the manufacturer’s instruc3ons. The elu3on was done in 50 µl of Tris low EDTA 

buffer.  
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Sequencing 

 

The sequencing of the whole genome of 520 sea beets was conducted by the Technical 

Genomics group at the Earlham Ins3tute, on the Illumina NovaSeq 6000 pla}orm (150 PE). 

The samples went through the LITE library prepara3on protocol175 and were sequenced with 

a mean depth of 20x (Figure S2, Table S9), with two sequencing runs per sample, each on 

two lanes. The raw read files were combined before data processing. Sequencing data has 

been submiBed to the Sequence Read Archive (SRA) database from the Na3onal Center for 

Biotechnology Informa3on (NCBI) under the BioProject PRJNA1209597. 

 

AssociaEon analysis 

 

Raw reads were pre-processed with Trim Galore176 version 0.4.0, with the parameter –length 

70. For each associa3on analysis, a k-mer presence/absence matrix was generated, jointly 

coun3ng k-mers from the mul3ple read files using kmtricks177. The coun3ng parameters were 

k=51, a=2, s=3, n=1, and s=5, with k being the k-mer length, a the hard-min or the minimal 

abundance of a k-mer in an individual’s genome to be kept, s the sop-min (or solidity 

threshold) or the minimal abundance of a k-mer in an individual’s genome to be kept during 

merge between individuals’ par33ons, n the share-min or the number of genomes the k-mer 

has to be solid in to be kept, and s the number of genomes the k-mer has to be present to be 

kept. In other words, in the present analysis, k-mers present only once in a reads file were 

removed, and the k-mers present twice were kept only if present at least three 3mes in 

another reads file. Addi3onally, k-mers were discarded when present in less than 5 genomes.  

 

Individuals with a sequencing depth lower than 5 were not kept in the analysis, leaving a total 

of 59, 60, 245 and 118 individuals, respec3vely, in the Norfolk, Lincolnshire, Denmark and 

natural rust infec3on analyses.  

 

Associa3on scores were aBributed to each k-mer and mapped to NLR orthogroups extracted 

with NLR-Annotator178 from the eleven genome assemblies generated in the Chapter II using 

the AgRenSeq_GLM pipeline (hBps://github.com/kgaurav1208/AgRenSeq_GLM). The rust 

suscep3bility phenotypes were converted into nega3ve numbers, in order to give the highest 

score to the most resistant plants (i.e. 0) and the lowest score to the most suscep3ble plants. 

The NLR orthogroups were flanked on either side of their sequence with 51 bp. Popula3on 
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structure was controlled providing the pipeline with a random subset of 315 k-mers from the 

presence/absence matrix. 

 

PloWng k-mer-based associaEons 

 

Low sequencing depth individuals were removed from the associa3on analysis (only 245 kept 

for the Danish analysis). 

Associated k-mers were first independently mapped to one set of NLR loci extracted from 

eleven sea beet genome assemblies. Then, NLR loci were classified into orthogroups, and the 

k-mers were ploBed on a horizontal axis corresponding to the orthogroup they were 

aBributed to. The size of the dot represents the number of k-mers with a same associa3on 

score, in a single genome. 

 

The different plots presented in this chapter were generated using Python (version 3.8.5).  

 

All computa3onal experiments were carried out on a high-performance compu3ng (HPC) 

cluster running AlmaLinux 9.5, u3lising the x86_64 architecture. The cluster u3lises SLURM 

(Simple Linux U3lity for Resource Management) to manage job scheduling and resource 

alloca3on, is equipped with a processor opera3ng at a speed of 1.5 GHz and is provisioned 

with 503 GiB of RAM. The system supports 64 CPU cores. 
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Chapter IV - Exploring English sea beet 

popula1on structure 
 

 

IV - A. Introduc-on 

 

IV - A. 1. Wild sea beet popula.ons and their gene.c diversity 

 

Sea beets are wild mari3me plants growing along Atlan3c coasts from North Africa to the 

North Sea, as well as along Mediterranean coasts. Seeds are mainly dispersed by gravity close 

to the mother plant179. However, the colonisa3on of new habitats via ocean currents is 

possible since sea beet seeds are s3ll viable aper several weeks in the sea180. It has been 

argued, for example, that sea beet popula3ons on Germanic Bal3c coasts were probably 

derived from Danish popula3ons180. This cons3tutes the principal mode of transfer of gene3c 

material through long distances, as a study showed that pollen spread by wind rarely travels 

beyond 200 meters181. This way, the habitat and water currents have a great impact on 

colonisa3on and gene flow between popula3ons.  

 

The importance of sea currents in shaping sea beet popula3on structure has been shown by 

Leys et al.182, along with its ma3ng system, and past clima3c changes and anthropogenic 

pressures. Studying wild beets sampled along the Atlan3c coast from Morocco to France, as 

well as in loca3ons bordering the Strait of Gibraltar, they showed a decrease in the allelic 

richness and gene3c diversity from the southern to northern coastal loca3ons. This is 

consistent with a poten3al scenario of recolonisa3on from the Mediterranean region aper 

the last glacial era. Moreover, the popula3on structure of sea beet was shown to be 

consistent with an outcrossing ma3ng system. 

 

Due to the ability of beets to spread long distances, the fact that wild beets have, in some 

loca3ons, been coexis3ng with boBlenecked domes3cated beets for the past two hundred 

years, and that these subspecies can cross183, it is reasonable to assume that crop genes could 

escape into nature through seeds184 or pollen dispersal. This comes with two main concerns: 
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the impact on wild sea beet gene3c diversity by the introgression of diversity from rela3vely 

boBlenecked cul3vated beets, and the poten3al for the introduc3on of gene3cally modified 

genes into the wild. These considera3ons have been inves3gated through different studies in 

the last 30 years. Bartsch et al.185 confirmed the presence of gene flow between cul3vated 

and wild beets. They compared sea beets growing in the most important sugar beet seed 

produc3on area in northeast Italy to sea beets sampled in different loca3ons, out of Italy. 

Contrary to expecta3ons, they showed that, in terms of Nei’s es3mated heterozygosity and 

propor3on of polymorphic loci, sea beets growing close to the seed produc3on area 

harboured a higher diversity than the control group. They suggested that gene flow over 

more than a hundred of years, from different sugar beet cul3vars and different beet 

subspecies, has shaped the gene3c diversity encountered in Italian wild beets without having 

necessarily decreased it. In a later study, by observing the gene flow between cliff top and 

drip line sea beet popula3ons in South England, Cureton et al. 186 concluded that a transgene 

could more rapidly spread in the laBer group due to proximity with water, and that, over and 

above preven3ng bol3ng in the crop, it is then of great importance to consider watercourses 

when designing poten3al future transgenic trials.  

 

More recent es3mates of diversity in cul3vated and wild beets have u3lised k-mer-based 

comparison methods187 and were inves3gated by Sandell et al.10. A split between two groups 

of sea beets was highlighted: a Mediterranean group and an Atlan3c group, with sugar beets 

cons3tu3ng a sister group to the Mediterranean group. It was proposed that the strait of 

Gibraltar could be the cause of the separa3on between two dis3nct groups. The origin of 

sugar beet domes3ca3on was suggested to be located in Greece.  

 

Studying genomic variants at a popula3on level is important to understand mode of 

reproduc3on and spread, but more especially in this system because measures of diversity 

and linkage are important considera3ons for its poten3al for associa3on gene3cs, for 

resistance and other traits. Indeed, iden3fying differences in the presence/absence and/or 

the allelic diversity of resistance genes between natural sea beet popula3ons can help to 

understand how rare or frequent the contemporary resistant alleles are and poten3ally to 

predict their durability while developed in crops. It is yet not known but tantalising to 

determine whether specific popula3on gene3c paBerns could even be used to survey and 

poten3ally iden3fy genes without resor3ng to costly and 3me-consuming associa3on 

methods. 
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IV - A. 2. Studying gene.c diversity and gene flow between 

popula.ons 

 

Popula3ons largely predominantly share their polymorphic sites and because of the random 

sampling of alleles from one genera3on to the next, these allele frequencies “drip”, randomly 

over 3me188. The consequence of this is that the longer two popula3ons are separated, the 

greater the allele frequency differences (on average) between them. This increasing gene3c 

differen3a3on is countered by migra3on, which shares diversity among popula3ons. These 

ideas were conceptualised using the differen3a3on and spread of diversity among island 

popula3ons189. However, they are par3cularly useful concepts because the forces that 

underly diversity and differen3a3on are, for the most part random, and so understanding the 

popula3on gene3cs of a species facilitates the dis3nc3on of chance from natural selec3on. 

For example, resistance polymorphism maintained in one popula3on, for its role in defence 

against a pathogen, would be expected to have a lower differen3a3on (compared to the 

genome wide average) with another popula3on impacted by the same pathogen genotype. 

 

A general concept in popula3on gene3cs used to describe popula3ons is called the effec3ve 

popula3on size. This is a theore3cal value which corresponds to the number of randomly 

breeding individuals that would be required to maintain the observed level of gene3c 

diversity188. Consequently, this number is generally much smaller than the actual (census) 

popula3on size190 but can be a useful sta3s3c to represent the level of diversity within 

different popula3ons. The popula3on effec3ve size is important because, all else being equal, 

larger popula3ons carry more gene3c diversity and therefore, have more substrate for 

adapta3on, and also the efficacy of natural selec3on is greater in larger popula3ons because 

of the rela3ve reduc3on of the impact of random gene3c drip188. An approxima3on of the 

effec3ve popula3on size can be calculated by rearranging for nucleo3de diversity (𝜋), 

calculated as 𝜋 = 4.Ne.u, with Ne being the effec3ve popula3on size and u the muta3on rate 

per nucleo3de188.  

 

In the 1960s, Wright devised different sta3s3cs to describe the structure of gene3c varia3on 

between popula3ons, called the F sta3s3cs191. They are today the mostly used sta3s3cs in 

popula3on and evolu3onary gene3cs. Among these sta3s3cs is the differen3a3on factor, or 
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FST. For a given muta3on rate, the amount of differen3a3on between popula3ons is 

influenced by gene3c drip and the migra3on rate. FST reflects the differences in allele 

frequencies between two popula3ons. The larger this index is (0-1), the more different allele 

frequencies are and, the more differen3ated two popula3ons are192.  

 

Considering the efficacy of natural selec3on by accoun3ng for gene3c diversity, as measured 

by SNPs, ignores recombina3on. Recombina3on occurs through the exchange of gene3c 

material between homologous chromosomes during meiosis, via cross-over events crea3ng 

novel combina3ons, or haplotypes 193. Loci that are close to one another are generally less 

likely to be broken up by recombina3on and are said to be in Linkage Disequilibrium (LD). LD 

is calculated by measuring the probability of co-occurrence of two SNPs, comparing mul3ple 

individuals from a popula3on. However, linkage disequilibrium can operate over larger 

distances in the presence of selec3on, preserving the haplotype, or aper a recent selec3ve 

sweep194.  

 

Rates of recombina3on can vary, as can the rate of sexual reproduc3on in many organisms. 

Scien3sts working on fungi have used correla3on coefficient between two SNPs (r2), sampled 

at the popula3on level, to develop a way of measuring how frequently a species was having 

sex195. Plosng the r2 value against the distance between two SNPs highlights the decrease in 

the strength of LD with increasing distances. In the fungal example, the rate of decay in 

linkage correlates with known rates of sex in that species. However, in plant popula3ons, 

linkage decay is a composite of the rate of recombina3on (or outcrossing) and the level of 

diversity (effec3ve popula3on size) and has been used for assessing the u3lity of landraces 

as breeding stock196. Linkage disequilibrium has mul3ple impacts, notably in plant breeding, 

it is of benefit in marker-based associa3on gene3c studies, where gene3c markers are used 

to iden3fy gene3cally linked traits of interest. However, the ability of a breeder, or natural 

selec3on, to select a phenotype depends on the impact of genes on that haplotype. Where 

one gene may contribute to a phenotype, others may detract and so increased linkage, as is 

associated with small natural popula3ons, or inbred crop varie3es, will reduce the poten3al 

to observe the impact of a gene without the epista3c interac3ons of linked regions (Hill–

Robertson interference197). In other words, the high linkage observed in small popula3ons 

and inbred lines reduces the efficacy of selec3on, or the poten3al for the breeder to discern 

traits.  
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In addi3on to the u3lity of whole-genome sequencing of over five hundred sea beets from 

England, for associa3on gene3cs, sampling naturally evolving wild popula3ons at a single 

point in 3me allows an explora3on of the popula3on gene3cs of wild sea beets in England. 

This analysis aims to place among and compare the set of sea beets studied here with a 

collec3on of beet breeding material; to unravel the structure of the Beta vulgaris mari.ma 

species on east and west English coasts in terms of defining an es3ma3on of the number of 

popula3ons. Moreover, the level of recombina3on is studied (LD) among the defined 

popula3ons. Finally, nucleo3de diversity and gene3c differen3a3on between these 

popula3ons are measured at the whole genome level as well as focussing on NLR genes.  

 

 

IV - B. Results 

 

IV - B. 1. The 520 re-sequenced sea beets par..on into the 

Atlan.c and the Mediterranean groups  

 

To posi3on the re-sequenced sea beets from the present study (Chapter III) among wild and 

cul3vated beet accessions whose gene3c diversity has recently been explored10, pairwise 

distances between sketches of randomly selected k-mers from each individual were 

calculated to generate a tree reflec3ng these genomic differences (Figure 33). The most 

remarkable observa3on is the split between Mediterranean (orange branches) and Atlan3c 

(blue branches) sea beets described by Sandell et al., with the majority of the present 

samples (pink leaves) belonging to the Atlan3c group. The assignment of individuals to one 

or the other group is purely influenced by the geographic aspect: only the individuals 

sampled on the east Spanish coast are classified among the Mediterranean group.  

 

Interes3ngly, one out of the 512 samples didn’t cluster in any of these two major groups, but, 

instead, grouped with the outgroups: the spinach crop and the wild species Patellifolia 

procubens, another species from the Amaranthaceae family and of the Betoideae sub-family. 

This individual was collected on a small island called LiBle Eye, close to the shore of West 

Kirby’s beach, in the Merseyside (west coast of England). The phenotypic similari3es between 

B. mari.ma and P. procubens could explain the fact that seeds from the laBer were included 

in the collec3on.  
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As previously noted in the original study, the breeding material from the different seed 

companies included showed a close rela3onship among and between breeding programs. 

Sugar beets are closer to Mediterranean sea beets than to the Atlan3c group. 

 

The sea beet genomes (blue leaves) selected for traits of interest, including rust resistance, 

and sequenced for the genera3on of a sea beet pan-genome (Chapter II) as well as for the 

rust associa3on study (Chapter III), show a scaBered distribu3on across the Atlan3c side of 

the tree, in addi3on to one individual present from the Mediterranean lineage.  

 

 

 
Figure 33 - Re-sequenced sea beets mostly fall in the Atlantic lineage described by Sandell et al..  
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Distances between MinHash sketches from whole genome sequencing data are represented in the format of a 

tree. Leaf colours distinguish 512 beets re-sequenced in the present work (pink) and 605 beets studied by Sandell 

et al. (brown), among which known sugar beet breeding programs are specified: green = East Lansing, orange = 

KWS SAAT SE = cyan: Syngenta and magenta = Strube Research10. Blue leaves indicate plants which genome has 

also been HiFi sequenced and assembled in the present work (Chapter II). Branch colours distinguish different 

beet species/subspecies: light green = Beta macrocarpa, dark green = Beta patula, blue = Beta vulgaris maritima 

from the Atlantic coast, orange = Beta vulgaris maritima from the Mediterranean coast, purple = Beta vulgaris 

adanensis and red = Beta vulgaris vulgaris. 10The wild species Pattelifolia procumbens and the Spinacia oleracea 

species (spinach) were utilised as outgroups. 

 

Branches of the tree to a large part recapitulate the expected paBern among sites. However, 

bifurca3ng trees are just one method of observing diversity and differen3a3on but 

unfortunately fall down where individuals are diploid, and could reasonably contain (hybrid) 

haplotypes from mul3ple sources and also where recombina3on operates to fuse branches 

among sexually reproducing individuals (introgression). Therefore, popula3on gene3c 

methods that describe individuals’ assignment and popula3on structure are used. 

 

 

IV - B. 2. English and Danish sea beets cons.tute five popula.ons 

 

In order to explore genomic structure among wild sea beets and define popula3ons, short 

sequencing reads from 161 individuals from coastal loca3ons in east and west England as 

well as Denmark were mapped against the Gb_Norfolk_426 genome assembly, and variants 

were called. The SNPs iden3fied were used to run the program PopCluster198, which infers 

popula3on structure by es3ma3ng the most likely number of popula3ons (K) from a set of 

individuals, using the DLK2 and FSTIS es3mators, and aBribu3ng each individual to one of these 

K clusters. For each of these K clusters, the clustering analysis is first done under a mixture 

model, and, in a second step, an admixture analysis is carried out to es3mate individual 

admixture propor3ons. Both DLK2 and FSTIS values were used to es3mate the most likely 

number of popula3ons K to be 5 (Figure 34).  
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Figure 34 - DLK2 and FSTIS estimate the number of sea beet populations to be 5.  

The PopCluster program was run with a K range from 2 to 20 (x axis). The K estimator represents the statistics 

DLK2 and FSTIS reported as a percentage.  

 

The five popula3ons defined by the PopCluster analysis dis3nguish the sea beets from 

Denmark on mainland Europe from, the Merseyside/Cheshire area (English west coast), and 

on the English east coast, the sea beets from Humberside, Norfolk, and from the 

Suffolk/Essex areas (Figure 35). These 5 popula3ons are separated in well-defined groups, at 

least in the cases of Humberside, Zealand (Denmark) and Merseyside/Cheshire. On another 

side, while being grouped with Suffolk individuals in a single popula3on, the Essex “sub-

popula3on” shows a lot of admixture from the Norfolk popula3on. Actually, more individuals 

(93%) sampled in the county of Essex show admixture with the Norfolk popula3on than 

individuals sampled in the Suffolk county (39%). This is despite the fact that Suffolk is 

geographically closer to Norfolk than Essex.  

 

Each individual clusters in its sampling loca3on except one individual sampled in the Essex 

county, which is classified by PopCluster in the Norfolk popula3on. This is unlikely to be due 

to mislabelling of this sample, and is consistent with this large admixture from Norfolk into 

the Suffolk/Essex popula3on. Also, when K=9, this sample is part of a small sub-popula3on 

from the Norfolk popula3on (Figure 37 panel D), and even in a smaller sub-popula3on (2 

individuals) when K=15 (Figure S3). 
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Figure 35 – Wild sea beet population structure identifies four English clusters.  

The most likely number of populations was estimated as K = 5 (plum colour = Humberside, purple = Zealand, blue 

= Merseyside/Cheshire, green = Suffolk/Essex and yellow = Norfolk).  

 

Five clusters were iden3fied as most likely, but analysis of assignment and other clusters can 

provide informa3on about where greatest differen3a3on exists. The first two gene3c clusters 

that are resolved at K=2 are the east and west of England (Figure 36 panel A), and individuals 

part of these loca3ons are never brought together in a same popula3on, from K=2 to K=20 

(Figure 35, Figure 36, Figure 37, Figure S3). The proper aBribu3on to the west-coast samples 

to a single popula3on starts at K=3 (Figure 36 panel B) un3l K=17 (Figure 35, Figure 36, Figure 

37, Figure S3). The popula3ons of Humber and Norfolk are the last to be resolved at K=4 

(Figure 36).  
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Figure 36 - Populations generated by PopCluster for K=2 to K=4.  

When K=2 (A), populations are separated in an eastern UK group (purple) and a western UK group including the 

Denmark individuals (blue). When K=3 (B), Norfolk and Humberside are grouped in a same population (purple), 

Denmark, Suffolk and Essex in a second population (green), and the third population is made out of the western 

UK individuals (blue). When K=4 (C), Denmark constitutes a new separate population (dark blue).  

 

The popula3ons Humberside and Zealand (Denmark) remain intact un3l K=18 (Figure 35, 

Figure 37, Figure S3). Thereby, they seem to be gene3cally separated from the rest of the 

samples studied.  

 

The popula3on with the greatest assignment of individuals (at K=5), Suffolk/Essex, is the first 

one to be split into separate popula3ons, when K=6 (Figure 37 panel A). In this configura3on, 

a non-negligeable amount of admixture is observable, with more admixture from the Suffolk 

popula3on in the Essex popula3on than the other way round, perhaps indica3ng 

direc3onality in gene flow.  
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Figure 37 - Populations assignment generated by PopCluster for K=6 to K=9.  

At K=6 (A), the groups of Suffolk (dark green) and Essex (light green) split in two distinct populations. At K=7 (B), 

the initial Norfolk population splits in two new populations (yellow and mustard). At K=8 (C), two populations are 

made out of the previous Suffolk population (dark green and light green), the Essex population is split as well in 

two distinct populations (yellow and mustard), and the Norfolk population from K=5 and K=6 is back to a single 

population (pink). When K=9 (D), the Suffolk group stands as a single population (dark green), the Essex group, 

similarly with K=8, is divided into two populations (light green and yellow), and the Norfolk individuals split in 

three distinct populations (mustard, pink and blue).  
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IV - B. 3. The linkage in wild sea beet is low 

 

Using genotype data from re-sequencing reads of 147 sea beets mapped to the 

Gb_Norfolk_426 genome, linkage disequilibrium (LD) was analysed for the genotypes of four 

English popula3ons (Norfolk, Humberside, Suffolk/Essex and Merseyside/Cheshire). 

 

The analysis was carried out on the largest con3g of the Gb_Norfolk_426 genome, using one 

SNP every 50 bp (maximum distance of 100 kb, Figure 38). The distance between two SNPs 

when the linkage disequilibrium drops to half of its maximum value corresponded to 1,700, 

1,200, 1,500 and 1,300 bp, respec3vely, for the popula3ons of Norfolk (panel A), Humberside 

(panel B), Suffolk/Essex (panel C) and Merseyside (panel D). Consistent with expecta3ons of 

gene3c diversity and effec3ve popula3on size, the Humberside popula3on showed the 

highest LD measure (r2 = min=0.23 and max=0.40, Figure 38 panel B, Table S10), and the 

Suffolk/Essex popula3on showed the lowest LD (r2 = min=0.05 and max=0.17, Figure 38 panel 

C).  



 110 

 

 
Figure 38 - The linkage disequilibrium measured in the largest contig drops quickly in sea beets.  

The y axis represents the probability for two SNPs to be linked. The x axis represents, in a logarithmic scale, the 

distance between two SNPs, in bp. Linkage plots were done using windows increasing by 100 bp up until 100 kbp. 

The genotypes were thinned to 1 SNP per 50 bp. The 50% linkage for each population is close to 1,000 bp. 

 

Secondly, to increase the granularity, the linkage analysis was run on non-thinned data over 

all con3gs greater that 1Mb (maximum distance of 1 kb). The nega3ve correla3on between 

linkage disequilibrium and the distance separa3ng two SNPs is clearly visible for each 

popula3on (Figure 39), with a decrease in LD as the distance increases, marked with a notable 

drop, or LD decay, before reaching 100 bp.  

 

The highest LD measured, for the closest SNPs, was, here again, found for the Humberside 

popula3on, with an r2 measure of 0.46 (Figure 39 panel B), as well as for the maximum 

distance separa3ng two SNPs, i.e. 1 kb (r2 = 0.28). On the other end of the spectrum, the 

Suffolk/Essex popula3on showed the lowest LD both between SNPs within 10 bp (r2 = 0.21) 
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as well as at 1 kb (r2 = 0.09) (Figure 39 panel C). Overall, the linkage disequilibrium is low in 

the four popula3ons analysed.  

 

The LD decay rate was measured as the chromosomal distance at which the average pairwise 

correla3on coefficient (r2) dropped to half its maximum value. LD decay rates of each of the 

four popula3ons were es3mated at ~40 bp (Figure 39).  

 

 
Figure 39 - The linkage disequilibrium drops rapidly in the four English sea beet populations.  

The y axis represents the probability for two SNPs to be linked. The x axis represents the distance between two 

SNPs, in bp. Linkage plots were done using windows increasing by 10 bp up until 1,000 bp. The 50% linkage for 

each population is close to 40 bp.  

 

Overall, the rapid decay highlights a low linkage disequilibrium, at approximately 1 kb. This is 

the case both when the data was thinned to 1 SNP every 50 bp, over 100 kb, and the un-

thinned data measured over 1 kb. The differences likely reflect dis3nc3ons in the window 

sizes, the data thinning as well as the maximum distance.  
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IV - B. 4. East and West England popula.ons are differen.ated 

and Humberside shows low gene.c diversity 

 

The admixture analysis highlights the gene3c material exchange between the English eastern 

popula3ons, and almost no admixture either in the Merseyside/Cheshire and the Zealand 

popula3ons (Figure 40 panel A). The popula3on of Suffolk/Essex is the most admixed 

(15.9%), followed by Humberside (10.4%), Norfolk (5.2%), Merseyside/Cheshire (3.6%) and 

Zealand (1.4%). The largest part of admixture comes from Norfolk, both for Humberside and 

the Suffolk/Essex popula3ons.  

 

Genotype data from 147 individuals from the four English popula3ons were taken to measure 

gene3c diversity and popula3on differen3a3on (Figure 40). The nucleo3de diversity doesn’t 

differ to a large extent between the four English popula3ons, but nevertheless highlights a 

difference between the east-coast popula3ons: the Suffolk/Essex or the Norfolk popula3ons, 

harbouring the highest diversity (nucleo3de diversity = 0.0114 and 0.0113, respec3vely) and 

the popula3on of Humberside harbouring the lowest diversity (nucleo3de diversity = 0.0088; 

Figure 40 panel B). Measuring the nucleo3de diversity of a popula3on allows, together with 

the es3mated muta3on rate, to es3mate its effec3ve popula3on size, or the number of 

individuals forming the breeding popula3on which would be needed to explain the allelic 

diversity encountered in the popula3on. The Suffolk/Essex popula3on is then the largest one, 

with an effec3ve popula3on size of 475,000 individuals, followed closely by the Norfolk 

popula3on coun3ng 470,833 individuals. Humberside is the smallest popula3on, with 

366,667 individuals and, on the other side of the country, the Merseyside-Cheshire has an 

effec3ve popula3on size comparable to the east side, coun3ng 412,500 individuals (Figure 

40 panel C).  

 

Pairwise gene3c differen3a3on measures range between 0.0459 (Norfolk vs Suffolk/Essex) 

and 0.1377 (Humberside vs Merseyside/Cheshire) (Figure 40 panel B). The two most 

differen3ated popula3ons are then Humberside on the east coast and the 

Merseyside/Cheshire popula3on on the west coast. Interes3ngly, there is more 

differen3a3on between Humberside and Norfolk popula3ons, both on the east coast, than 

between the Norfolk and the western popula3on (Merseyside/Cheshire). It is, moreover, 
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no3ceable that the Suffolk/Essex popula3on shows the lowest indexes of differen3a3on with 

the other popula3ons.  

 

 
Figure 40 – Population admixture among the five sea beet populations, nucleotide diversity and gene flow from 

147 individuals.  

(A) Admixture for the population of wild sea beets estimated by PopCluster at K=5. (B) Matrix of nucleotide 

diversity (shaded yellow) and FST (shaded pink) values within and between the five populations estimated by 

PopCluster. N = Norfolk, S_E = Suffolk/Essex, M_C = Merseyside/Cheshire, H = Humberside. (C) Effective 

population size per English population. Ne is measured as the ratio between the mean nucleotide diversity and 

four times the estimated mutation rate in plants, 6.10-9 (from Schultz et al., 1999). 

 

 

IV - B. 5. Resistance genes are more polymorphic than other 

genes 

 

Whole genome sta3s3cs provide es3mates of levels of popula3on gene3c diversity and 

differen3a3on that obscure more local signals opera3ng around genes that might indicate 

the presence of natural selec3on. The LD measured in sea beet is low, and this means that 

gene-based analyses can appropriately be conducted. Genotypic data of 21,273 genes from 

the 147 English individuals sampled in their natural environment and studied for popula3on 

structure were analysed to calculate the nucleo3de diversity, or π, and the fixa3on index, or 

FST.  

 



 114 

Nucleo3de diversity is used at the genome scale to approximate the effec3ve popula3on size. 

However, at a local level the presence of balancing selec3on opera3ng to preserve diversity 

at resistance genes would be predicted to preserve varia3on (on average) rela3ve to other 

genes199. Nucleo3de diversity is significantly greater in NLR genes than when considering 

other genes on average (Figure 41 panel A). While nucleo3de diversity in NLRs is also greater 

in three out of four individual popula3ons (one-sided Wilcoxon-Mann-Whitney: Humberside, 

U=2232344.5, P=0.0189; Merseyside, U=2177741.0, P=0.0754; Norfolk, U=2243963.5, 

P=0.0135 and Suffolk/Essex, U=2288100.0, P=0.0032), only Suffolk/Essex remains significant 

aper Bonferroni correc3on (a=0.0125). It is interes3ng that it is the western popula3on 

(Merseyside/Cheshire) that shows no difference in nucleo3de diversity between NLR genes 

and non-NLR genes, even prior to correc3on (Figure 41 panel B).  

 

Overarching signals of, for instance, balancing selec3on, may be visible when observed over 

genes treated as groups because signals can outweigh the variance present among individual 

genes. Cau3on should be taken when considering signal to noise at the individual gene level 

as, for a given gene, noise may well overcome the signal. However, with this in mind, in 

Chapter III, five candidate NLRs for rust resistance were iden3fied and here, these 

orthogroups are assessed for their adherence to the expected signals. There are two 

categories of NLR orthogroups: two NLR orthogroups with a high max k-mer associa3on score 

in two controlled inocula3on trials (English rusts) in addi3on to a natural rust inocula3on trial 

(Figure 41 panel B, genes in blue), and three NLR orthogroups displaying a high mean 

associa3on score through their associated k-mers (Figure 41 panel B, genes in red). For 

clarity, these orthogroups are hereaper referred as high-score orthogroups and high-mean 

orthogroups. One of the high-score orthogroups (OG0000048) displays a higher nucleo3de 

diversity than the majority of the NLR genes, in all popula3ons. The other high-score 

orthogroup falls within boxes that define the main distribu3on (50% of the data) in all 

popula3ons except Humberside. High-mean orthogroups display a lower nucleo3de diversity 

value than the median nucleo3de diversity value of the other NLR genes. Of these three 

orthogroups, OG0000124 displays the lowest score in each popula3on, OG0000122 the 

second lowest score and OG0000123 shows the least low value (Table S11).  
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Figure 41 - Genetic diversity is overall higher in NLRs than in other genes.  

(A) Mean nucleotide diversity (Pi) measured across all the four English populations, is significantly higher for NLRs 

(orange) than for other genes (green) (one-sided Wilcoxon-Mann-Whitney, U = 2253563.0, P = 0.0100). (B) Pi 

measured separately for each of the four English populations was higher for NLRs than for other genes for three 

out of four populations (asterisks: NS: 0.05<P≤1; *: 0.01<P≤0.05; **: 0.001<P≤0.01) but only Suffolk/Essex 

remains significant after Bonferroni correction (a=0.0083). The rust resistance association genetics NLR 

orthogroups (see Chapter III) are coloured in red (OG0000122, OG0000123 and OG0000124) and blue 

(OG0000043 and OG0000048).  

 

The pairwise fixa3on indexes can also be calculated for each gene, and in that case the signal 

consistent with balancing selec3on (as expected for many resistance genes) corresponds to 

reduced differen3a3on on average (Figure 42). However, while the median of the FST is lower 

for NLR genes (0.074) than for non-NLR genes (0.078) these values are not significantly 

different between resistance and other genes (Figure 42 panel A; one-sided Wilcoxon-Mann-

Whitney test: U = 1989245.0, P = 0.2202). Again, when looking in more detail at the results 

in pairwise popula3on comparison, there is a tendency for NLR genes to be less differen3ated 

between popula3ons than other genes but these results are not significant aper Bonferroni 

correc3on (see Table 2; Figure 42 panel B). 

 

Interes3ngly, when considering the five candidate rust resistance NLRs highlighted in Chapter 

III, two different paBerns emerge. First, within the high-value orthogroups, OG0000048 
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shows high FST values compared to the rest of the distribu3on, specifically and consistently 

when compared between eastern and western popula3ons (Figure 42 panel B, blue). Second, 

in the high-mean orthogroups, with the excep3on of the Humberside-Suffolk/Essex 

comparison, OG0000122 and OG0000124 appear in the lower end of the main distribu3on 

(Table S12; Figure 42 panel B, red).  

 

PopulaEons Gene FST NLR FST Test staEsEc (U) P value 

Humberside – 

Merseyside 

0.122 0.107 2006049.5 0.2828 

Humberside – Norfolk 0.090 0.094 2136479.5 0.8298 

Humberside – 

Suffolk/Essex 

0.063 0.054 1871462.5 0.0157 

Merseyside – Norfolk 0.075 0.069 1912568.0 0.0475 

Merseyside – 

Suffolk/Essex 

0.053 0.046 1928656.5 0.0693 

Norfolk – Suffolk/Essex 0.038 0.041 2152146.0 0.8722 

Table 2 - One-sided Wilcoxon-Mann-Whitney test results for pairwise genetic differentiation (FST) between 

resistance genes (NLR) and all other genes among the four English beet populations. 

NLRs are not significantly less differentiated after Bonferroni correction with an alpha value at 0.083. 

Comparisons between east and west are shaded.  
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Figure 42 - The fixation index is overall lower in NLRs than in other genes.  

(A) Mean FST measured from pairwise comparisons between the four English populations, either for NLRs (orange) 

or for other genes (green). (B) Pairwise FST measured between each of the four English populations, either for 

NLRs (orange) or for other genes (green). The well-performing orthogroups in association studies involving English 

rust samples (see Chapter III) are coloured in red (OG0000122, OG0000123 and OG0000124) or blue (OG0000043 

and OG0000048) (asterisks: NS: 0.05<P≤1; *: 0.01<P≤0.05). 

 

 

IV - C. Discussion 

 

At a European scale, genomic distance between sea beets sampled in the present work 

confirmed the assignment to Mediterranean and Atlan3c gene3c groups, as first described 

by Sandell et al.10. The present study likely represents the largest genome-wide descrip3on 

of germplasm from the Atlan3c lineage, given that both sugar beet and previous sea beet 

sequencing predominantly focus on diversity from the Mediterranean popula3on10. On the 

one hand, from a breeding context, it might seem counterproduc3ve to describe the gene3c 
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diversity of the Atlan3c popula3on, given that the gene3c background of sugar beet is from 

the Mediterranean region. However, pathogen prevalence is linked to climate, and sugar 

beets are predominantly grown in Russia, France, and Germany, and contribute for 50% of 

the sugar consump3on in the UK. Rust specifically favours humid condi3ons around 15–22 °C 

and is even supressed at temperatures above 26 °C26. Therefore, it is reasonable to assume 

that adapta3on of the genes for resistance to rust have evolved, or been maintained, in those 

places where beets are now cul3vated.  

 

To summarise the results of this work analysing the gene3c diversity of this large panel of 

Atlan3c sea beets, five popula3ons were defined: one containing individuals sampled in 

Denmark; a second popula3on sampled on the west English coast, in the Cheshire county; 

and three popula3ons on the east English coast, grouping individuals sampled in Humberside, 

Norfolk and Suffolk/Essex, from North to South. English popula3ons showed an overall low 

linkage disequilibrium, and a consequent gene3c diversity, with effec3ve popula3on sizes 

ranging from 367,000 (Humberside) to 475,000 (Suffolk/Essex) individuals. When observing 

differen3a3on between popula3ons, the largest popula3on (i.e. Suffolk/Essex) showed the 

lowest differen3a3on in pairwise comparisons with every other popula3on, and the largest 

index was retrieved between Humberside and the Merseyside popula3ons. Further analyses 

were carried out comparing resistance genes (NLRs) and the other genes, and showed a 

larger nucleo3de diversity in NLR genes, except in the western popula3on of Merseyside. 

Finally, the five resistance genes highlighted in the previous chapter (see Chapter III) showed 

contras3ng, but poten3ally interes3ng paBerns in their FST and nucleo3de diversity 

measures. The present discussion aims to explore these results and propose an interpreta3on 

of the nucleo3de diversity and fixa3on indexes measured for the different popula3ons, 

involving the poten3al role of marine currents in shaping the structure of popula3ons. Finally, 

the par3cular popula3on gene3cs signals observed for one of the resistance genes lead to an 

opening regarding the promising poten3al use of these measures to iden3fy interes3ng 

candidates. 
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IV - C. 1. English sea beet popula.on structure, gene flow and 

ancestry analyses 

 

Given the predominance of Mediterranean genotypes in germplasm collec3ons, popula3on 

genomic analyses of the wild Atlan3c popula3on perhaps represent the most cost-effec3ve 

way to determine its poten3al benefit to sugar beet breeding. These methods both describe 

gene diversity as well as poten3ally reveal resistance associa3ons (Chapter III) adapted to the 

environment beets are cul3vated in. Furthermore, they reveal how diverse the eleven sea 

beet assemblies (see Chapter II) are in the diversity tree. This is a promising result when put 

in the context of the sea beet pan-genome genera3on, reflec3ng the solid basis this gene3c 

collec3on is built on.  

 

Studying the diversity among the sea beets sampled for the associa3on project, more 

specifically analysing their popula3on structure, defined five popula3ons. These popula3ons 

can be described geographically by dis3nguishing sea beets coming from: the Wirral 

peninsula on the west of England, away from commercial sugar beet cul3va3on, and moving 

from north to south on the east of England, Humberside, Norfolk, and Suffolk and Essex, and 

then the Danish Zealand region. Interes3ngly, the Humberside popula3on stands out from 

the other popula3ons in mul3ple aspects. It was noted that this popula3on tended to be 

more suscep3ble to rust (see Chapter III) and clusters here into a single popula3on (over a 

large range of K values). Moreover, compared to the four other popula3ons established, 

Humberside is the smallest in terms of gene3c diversity and, consequently, also has the 

largest linkage disequilibrium. 

 

Marine currents along the east coast of England (Figure 43) provide insight into the diversity 

and differen3a3on encountered in this Humberside popula3on. Indeed, the surface currents, 

involved in beet seed dispersal, move south down the coast from Humberside to East-Anglia 

(Norfolk, Suffolk, Essex), and there is no counter-current in direc3on toward Humberside. It 

is understandable, then, that gene3c material can be exchanged through seed travel from 

Humberside to Norfolk and Suffolk/Essex, and less so in the other direc3on. This isolates the 

Humberside popula3on from the other popula3ons analysed.  

 

The popula3on encompassing coun3es of Suffolk and Essex, on the east coast, shows the 

largest effec3ve popula3on size, the lowest linkage disequilibrium, the lowest gene3c 
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differen3a3on with the other popula3ons, as well as the highest level of admixture. This is 

again compa3ble with the North Sea currents (Figure 43), as the Suffolk/Essex popula3on is 

likely to receive seeds from the two northern popula3ons (as well as with mainland Europe), 

explaining the great nucleo3de diversity and low differen3a3on with those popula3ons. 

Intriguingly, it shows a large level of admixture with Norfolk, and this is especially the case 

for the samples collected in Essex rather than in Suffolk. This result is surprising as the Essex 

county is further in the south compared to Suffolk, when using Norfolk as a referen3al. 

 

 

Figure 43 - Currents of the North Sea.  

Population structure of East Anglian sea beets could be influenced by the marine currents, with northern currents 

moving southwards along the coast, hampering seed movement northwards towards Humberside population. 

Pie charts’ size is scaled to represent the effective population size, and arrow width represents gene flow 

(inversely proportional to FST) between populations. H = Humberside, N = Norfolk, S_E = Suffolk/Essex, and M_C 

= Merseyside/Cheshire. Adapted from the original image created by Nathalie De Hauwere200.  
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Marine currents would have shaped the popula3on structure of east England sea beets, with 

the Norfolk popula3on being the founder popula3on. This would explain the large level of 

admixture encountered in Humberside and the Suffolk/Essex popula3ons, and the 

unidirec3onal sea current along East-Anglia would explain the reduc3on in Humberside’s 

gene3c material over 3me due to isola3on. Moreover, the samples from Essex showing more 

admixture from Norfolk, it could be possible that the colonisa3on of the Suffolk/Essex 

territory was done from south to north. Further inves3ga3on, u3lising sopware that 

es3mates isola3on and bi-direc3onal migra3on rates (IMa3201) and ancestral effec3ve 

popula3on (MSMC202) sizes would provide further informa3on on the popula3on gene3cs of 

this system as well as the split of Atlan3c and Mediterranean lineages.  

 

In regard to the paBerns of gene3c differen3a3on between the four English sea beet 

popula3ons defined here, the largest fixa3on index was measured between the popula3ons 

of Merseyside/Cheshire on the west coast and of Humberside on the east coast. Moreover, 

there is more differen3a3on between the popula3ons of Humberside and Norfolk, which are 

geographically close, than between popula3ons from east and west coasts. This first reflects 

the geographical constraints to gene3c exchange between east and west coasts and, 

secondly, this could corroborate the poten3al isola3on of the Humberside popula3on, 

harbouring among the highest measures of FST with every other popula3on. The high gene3c 

differen3a3on between eastern and western coastal popula3ons is likely influenced by gene 

flow between cul3vated sugar beets and eastern sea beets, which does not occur on the west 

coast. While gene flow from crops to wild popula3ons can lead to a reduc3on in gene3c 

diversity, the high diversity observed in the Norfolk and Suffolk/Essex popula3ons suggests 

that this gene flow has instead contributed to gene3c enrichment. This enrichment may be 

due to the introduc3on of novel alleles into the wild beet genomes. On the other end, the 

Suffolk/Essex popula3on, on the east coast, shows the lowest levels of differen3a3on with 

the other popula3ons, suppor3ng a high gene flow. 

 

 

IV - C. 2. Gene.c diversity in English sea beets 

 

Linkage disequilibrium has been found to be very low in the four English popula3ons of sea 

beets, with a 50% decay around 1 kb. This low LD in sea beet is very interes3ng when put in 
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regards with the associa3on analyses for beet rust resistance conducted in Chapter III. 

Indeed, unlike LD-based associa3on analyses conducted on breeding material and using 

gene3c markers, this low LD in the wild is interes3ng for associa3on analyses as the 

associated loci can be considered as single genes. In the present case, this gives clues about 

the signal observed in three physically linked loci (OG0000122, OG0000123 and OG0000124), 

which are likely to be all three important for rust resistance, instead of only one being 

associated and the two others iden3fied due to LD. LD es3mates differed between the two 

methods used, likely because of the window sizes, SNP resolu3on and the data used. The 

long range LD analysis was done only on con3g 1, whereas the 1kb analysis was done on the 

whole genome, and will have accounted beBer for lower linkage regions 203.  

 

The low linkage encountered in wild beets contrasts with linkage observed in crops. For 

example, a study conducted on re-sequencing data from hundreds of rice landraces 

measured a LD decay rate above 100 kbp (123 kbp for O. sa.va ssp. indica and 167 kbp for 

O. sa.va ssp. japonica)196, and another study on leBuce measured the LD decay rate at 

approximately 200 kbp194. This high linkage in crops is interes3ng for the conduc3on of 

marker-based associa3on analyses.  

 

The highest linkage disequilibrium was found in the Humberside popula3on, and the lowest 

in the Suffolk/Essex popula3on. These observa3ons are consistent with expecta3ons based 

on their effec3ve popula3on size and, thereby, with the diversity that they harbour; 

Humberside showing the lowest nucleo3de diversity and Suffolk/Essex the highest. The 

effec3ve popula3on size measured for the wild beet (ranging from approximately 367,000 to 

475,000) is larger than measured in any cul3vated beets: approximately 16 3mes larger than 

for chard (Ne ≃ 25,000), 40 3mes larger than for the sugar and fodder beets (Ne ≃ 10,000), 

and approximately 66 3mes larger than for the table beet (Ne ≃ 6,000)204. This is consistent 

with the boBleneck induced by domes3ca3on, reducing the gene3c diversity in crop by 

selec3ng for breeding traits. However, more detailed analyses of the effec3ve popula3on size 

(and direc3onal migra3on rates) should be done using sopware such as IMa2201 (or even of 

IMa3201). 

 

Measures of varia3on in popula3on gene3cs have been inves3gated in other wild species. 

For example, the wild tomato species Solanum chilense and Solanum peruvianum have been 

shown to have a high nucleo3de diversity (ranging from π=0.55-1.10 or π=0.78-1.29, 
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respec3vely) and a rapid LD decay205, implying high effec3ve popula3on sizes (Ne = 504,000 

and 687,000, respec3vely) and recombina3on rates. Moreover, this analysis of four 

popula3ons per species, sampled in Peru and Chile, showed moderate levels of popula3on 

differen3a3on, with an average FST of 0.20. While being large in wild beet and tomato, the 

nucleo3de diversity es3mates are slightly lower in the present study. The low LD measure in 

sea beets is consistent with its outcrossing ma3ng system, unlike its rela3ves B. macrocarpa, 

B. patula and B. v. adanensis, being self-compa3ble206. Compared to wild tomato popula3ons, 

sea beet popula3ons show lower FST measures (between 0.05 and 0.14).  

 

 

IV - C. 3. Can popula.on gene.cs inform associa.on gene.cs and 

breeding decisions? 

 

The present study revealed a nucleo3de diversity larger in NLR genes than when considering 

non-NLR genes. Immune genes are known to maintain high levels of gene3c diversity, and 

this had been observed in a popula3on study of Peruvian and Chilian wild tomato species 

Solanum chilense98. New muta3ons in NLR genes can facilitate the recogni3on of novel 

effectors and the deployment of the resistance machinery. These novel muta3ons are 

preserved by natural selec3on when they indeed facilitate the recogni3on of novel pathogen 

genotypes134. The preserva3on of gene3c varia3on at resistance genes may be via balancing 

selec3on: that maintains alleles on account of how rare they are (nega3ve frequency 

dependant selec3on) or because heterozygous individuals are resistant to a broader array of 

pathogens; or by direc3onal selec3on that varies over space and 3me. Whereas gene3c 

varia3on at most other genes is selected against by purifying selec3on207,208. 

 

In English sea beet, nucleo3de diversity that is larger in NLRs is less marked in the western 

popula3on. East coast wild popula3ons grow in the presence of cul3vated sugar beets, which 

could have a non-negligeable impact on the gene3c diversity encountered in NLRs, either by 

crossing184, or by natural selec3on from crop adapted pathogens209. Indeed, rust can infect 

all beet species, and was shown to evolve crop-specific effectors209. Thereby, sea beets must 

adapt to this poten3al larger reservoir of pathogen effectors, explaining the largest diversity 

in their NLRs on the east coast. 
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Another consequence of balancing selec3on on resistance genes is known as a higher 

effec3ve migra3on rate210,211. The impact of selec3on for rare alleles, or high heterozygosity, 

is such that if novel alleles are introduced to a popula3on, they will be dispropor3onately 

preserved by natural selec3on, on account of them being rare. This has the effect that it 

reduces the differen3a3on at resistance genes, in view of the benefits they bring to this 

popula3on. However, this wasn’t observed in the present study, either overall, or for most of 

the pairwise analyses carried out. The combina3on of increased nucleo3de diversity, without 

reduced gene3c differen3a3on, is more consistent with pathogen selec3on that varies 

spa3ally in 3me and space (different pathogens in different places)208. However, the trends 

in the signals (that are not significant) suggest this may be more a lack of sta3s3cal power. 

 

Given the broader signals observed across NLRs as a group, aBen3on turns to the specific 

signals associated with the five genes highlighted in the Chapter III. The variance associated 

with taking single gene sta3s3cs means that observa3ons at this level should be taken with 

cau3on. However, the explora3on of the data at this level is important to understand whether 

these signals can be used to inform on candidates’ characteris3cs in a breeding panel. 

Popula3on gene3c measures were shown to be different depending on the genes studied. 

Two “high-mean” orthogroups (OG0000122 and OG0000124) tended to show nucleo3de 

diversity and differen3a3on on the lower side between popula3ons. If popula3on gene3c 

signals were to be used to predict gene performance, it would be consistent with what is 

observed for these genes that are on the lower end of the NLR polymorphism distribu3on, 

more conserved and shared between popula3ons, to provide broad rust resistance across 

different loca3ons. An important next step would be to look at the signal of non-synonymous 

polymorphism in these genes. 

 

Among the “high-score” rust resistance orthogroups, the orthogroup OG0000048 shows high 

FST values (outliers) compared to the rest of the distribu3on, but only when comparing 

eastern and western popula3ons. This is a par3cularly interes3ng and clearer result. This high 

gene differen3a3on between an area rela3vely free from beet cul3va3on and an area rich in 

beet cul3va3on is consistent with the respec3ve absence/presence of crop-adapted 

pathogen effectors, to which specific resistance is evolving. There are two non-mutually 

exclusive hypothesises for this observa3on. First, that gene flow from the crop has introduced 

an NLR into the wild popula3on at appreciable levels. If this is the case, the NLR will already 

be present in the crop. Second, if not already part of the crop, it is possible that this resistant 
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gene is being selected for by pressure from the increased prevalence of crop pathogens in 

the East. This is a par3cularly interes3ng popula3on gene3c signal, exactly the sort of signal 

that provides useful informa3on for breeders. 

 

Due to the differences men3oned above, the “high-score” and “high-mean” genes could 

provide different defence strategies: the first ones may recognise popula3on-specific 

effectors while the second ones may provide resistance against broader-range pathogens. 

This is intriguing and counter-intui3ve, as the OG0000048 orthogroup (poten3ally providing 

popula3on-specific resistance) was iden3fied in three different associa3on trials involving 

English rust.  

 

The popula3on gene3cs paBerns presented in this work are especially visible for this “high-

score” orthogroup OG0000048, which stands out when displaying outlier π and FST values in 

some analyses. This orthogroup is highly polymorphic, allowing a rapid adjustment to the 

emergence of new pathogen effectors, and is also significantly differen3ated between 

loca3ons. Thereby, this work provides op3mis3c insights about the use of popula3on gene3c 

measures to screen resistance genes and highlight poten3al candidates.  

 

 

IV - D. Material and methods 

 

To generate the phylogene3c tree, paired-end sequencing reads from 605 wild and cul3vated 

beet genomes were downloaded from the BioProject PRJNA815240 of the NCBI SRA 

database. All samples (from Sandell et al.’s study 10 and the present work) with a sequencing 

depth above 5.5x were downsampled with seqtk (version 1.0, 

(hBps://github.com/lh3/seqtk)) to reach a sequencing depth of 5.5x. 512 sea beets were 

analysed out of the 520 re-sequenced ones from the present work, as 8 low-coverage 

individuals were removed from the analysis. For tree roo3ng, Illumina paired-end sequencing 

reads from the Spinacia oleracea and Patellifolia procumbens species were downloaded from 

the ENA database, respec3vely with the run accession numbers SRR869666 and 

SRR10224874, and downsampled to reach a depth of 5.5x with the seqtk tool. The mashtree 

program147 (version 1.4.6) was used to measure genomic distances between the samples. 

1,000 trees were generated, running 10 analyses with the mashtree_bootstrap.sh script and 
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the op3ons --reps 100 --numcpus 12 --tempdir temporary_directory -- --min-depth 2 --

kmerlength 21 --sketch-size 10000. The 1,000 trees were then combined into a consensus 

tree with the IQ-TREE sopware212 (version 2.2.2.2), using the op3ons -nt AUTO and -con. The 

consensus tree was rooted on the spinach sample with the root() command from the ape 

package148 (version 5.8) in R (version 4.4.1)213. Finally, colours were added to the tree with 

FigTree (version 1.4.4 (hBp://tree.bio.ed.ac.uk/sopware/figtree/)).  

 

SNPs were called from Illumina sequencing reads (Chapter III) mapped to the genome 

assembly Gb_Norfolk_426. BWA mem214 (version 0.7.7) was used to map reads and 

SAMTOOLS215 (version 1.5) and BCFTOOLS (version 1.3.1) were used to sort and remove 

duplicate reads and mpileup (-a DP,AD) to call variants (bcpools call -m).  

 

For the popula3on analysis, VCFtools216 (version 0.1.13) was used to remove indels (due to 

frequent misiden3fica3on of errors as indels), filter SNPs to an individual minimum depth of 

2, maximum depth of 40 and a minimum genotype quality of 30. SNP sites with more than 

two alleles were excluded as probable errors. Finally, sites that were missing in 30% or more 

individuals were also removed. The VCF file was thinned to keep 1 SNP every 10 kb. 

 

The PopCluster program198 (version 1.2.0.0) was used to es3mate the number of popula3ons, 

analysing 161 wild sea beets. The ini3al set of 520 short read sequenced sea beet genomes 

has been refined in order to: remove the very low depth samples (< 3x), remove any 

individual sampled in a site which would contribute to less than 5 individuals in the analysis, 

and remove any pseudo-replica3on problem. For this last condi3on, regarding the English 

samples, only parental individuals have been kept in the analysis (147 individuals). In the case 

of the mainland European samples, a single seedling sampled from each mother has been 

kept in the analysis (14 individuals). Aper this refining step, only English and Danish sea beets 

were studied. PopCluster was run with the following parameters: 161 individuals, a number 

of 62,442 loci, a weak scaling, 2 and 20 as the minimum and maximum K, respec3vely, 10 

replicates per run, and the admixture model. The K es3ma3on chart was generated with 

Numbers, and the bar chart represen3ng the samples split into different popula3ons was 

generated using R.  

 

In order to es3mate the level of linkage between genotypes (unphased) in each English 

popula3on, VCFtools (version 0.1.13, parameter --geno-r2) was run at two scales: first, on 
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data thinned to 1 SNP per 50 bp with a maximum distance of 100kb between genotypes. 

Second, on unthinned data, with a maximum distance of 1kb between genotypes. In the case 

of the thinned data, the analysis was conducted on the largest con3g of the Gb_Norfolk_426 

genome. The mean r2 was returned from each of these datasets in windows of 100bp (100kb 

maximum) and 10bp (1kb maximum). 

 

Allelic data from 147 re-sequenced English individuals (see Chapter III), whose leaf material 

was collected directly in their natural environment, were u3lised to get popula3on gene3cs 

measures. VCFtools216 (version 0.1.13) used SNPs data (see PopCluster analysis) to measure 

pairwise FST sta3s3cs between the four English popula3ons defined by PopCluster, 

accordingly to Weir and Cockerham’s calcula3on (1984). The calcula3ons were performed on 

a windowed basis with a window of 5 or 50 kb and a step of 1 or 50 b. The nucleo3de diversity 

was also calculated with VCFtools216 (version 0.1.13) with a window of 5 kb and a step of 1 b. 

 

All computa3onal experiments were carried out on a high-performance compu3ng (HPC) 

cluster running AlmaLinux 9.5, u3lising the x86_64 architecture. The cluster u3lises SLURM 

(Simple Linux U3lity for Resource Management) to manage job scheduling and resource 

alloca3on, is equipped with a processor opera3ng at a speed of 1.5 GHz and is provisioned 

with 503 GiB of RAM. The system supports 64 CPU cores. 
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 General Discussion 
 

The current PhD work provides an in-depth knowledge of the popula3on and resistance 

genomics of sea beet popula3ons. These data include the HiFi sequencing of 11 sea beet 

genomes with the long-read PacBio technology, with a mean depth of 36x, and the re-

sequencing of the whole genome of 520 sea beets with the short-read Illumina technology, 

with a mean depth of 20x. These genomes originate from different loca3ons across Europe, 

including Denmark, France and Spain but mostly England. These data have been screened for 

an associa3on with rust resistance, a pathogen having a non-negligeable impact on sugar 

beet cul3va3on in England.  

 

The eleven genome assemblies generated in this work represent an improvement compared 

to the published sea beet genome Bmar-1.0.116(L50 = 849, N50 = 0.17 Mb), both in terms of 

con3guity and completeness (L50 ranges from 7 to 31, and N50 from 5.7 to 32.8 Mb). They 

cons3tute a collec3on of high-quality material spanning the gene3c diversity encountered in 

Atlan3c sea beets, and this diversity they harbour is larger than present among breeding 

material. Moreover, most of this material (10 genomes out of 11), contrasts with the gene3c 

background of domes3cated sugar beets, derived from the Mediterranean sea beet group10. 

On the contrary, these wild beets, from the Atlan3c group, are poten3ally beBer adapted to 

colder and weBer weather condi3ons. These reflec3ons highlight a poten3al paradox of 

growing Mediterranean beets in an Atlan3c climate, where most of the sugar beet cul3va3on 

is located. In addi3on to looking for traits in wild plants which haven’t undergone a gene3c 

boBleneck event (due to breeding), studying sea beets from England also has as an advantage 

that they most likely harbour resistance traits that func3on within this “Atlan3c” climate, 

which includes resistance to pathogens encountered in this area. Indeed, fungal pathogens 

are more suited to these northern climates than to Mediterranean climates.  

 

The eleven genome assemblies of a mean length of 714 Mb are explored and compared on 

the gene level in the present work within a pan-genomic perspec3ve. A caveat should be 

added, as these gene analyses are likely downwards biased as the genomes were not re-

annotated, except for NLR loci. However, the classifica3on of annotated genes into 

orthogroups revealed a frac3on of 91% (17,736 orthogroups) belonging to the sea beet core 

genome, and 9% (1,718 orthogroups) belonging to the accessory genome. On the resistance 
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side, when observing poten3al NLR loci taking up, on average, 0.93% of the total number of 

genes, with 101 orthogroups, the core sea beet NLRome is smaller (47%) than the accessory 

NLRome (114 orthogroups). This highlights the importance of diversifica3on in NLR genes to 

allow beets adap3ng to local pathogens, as well as pan-genome and k-mer based 

methodologies to analyse them. The present work suggests that, contrarily to what was 

previously hypothesised14, sea beet genomes may harbour more than a single TIR-NLR. 

Indeed, poten3al TNL loci were predicted in more than one copy in mul3ple genomes 

encompassing the range of sea beet sampling loca3ons.  

 

The genomes generated here are of major importance and can open the door to the 

construc3on of a graph-based pan-genome, allowing clear representa3on of the diversity 

encountered in the wild. Moreover, these data facilitate the associa3on gene3c studies 

aiming to retrieve mul3ple agronomic traits from the wild, such as resistance to pathogens 

or clima3c condi3ons specifically encountered in sugar beet cul3va3on areas.  

 

The whole genome re-sequencing data from hundreds of sea beets, again, mostly from the 

Atlan3c genomic background, facilitated the study of their popula3on structure and gene 

flow, informing the understanding of resistance of a wild plant in rela3on to pathogens of its 

crop rela3ve. Focusing on English and Danish samples, five popula3ons were defined, 

corresponding to: the Danish, Merseyside/Cheshire (west of England), Humberside, Norfolk 

and Suffolk/Essex (east of England) popula3ons. The fact that the Danish popula3on splits 

apart from the English popula3ons and shows low levels of admixture is perhaps expected 

given the loca3on of the North Sea. However, this is also consistent with a previous study 

retrieving a separate ancestry for Danish sea beets, compared to wild beets sampled along 

Atlan3c and north Mediterranean coasts57.  

 

The Humberside popula3on appears as a standing-out popula3on, due to it harbouring the 

highest linkage disequilibrium, the lowest effec3ve popula3on size, and some of the lowest 

gene flow measures with the other popula3ons. These results indicate isola3on of this 

popula3on from the others, which could be explained by marine currents, flowing from North 

to South between the Humberside popula3on and East Anglia (Norfolk and Suffolk). The low 

effec3ve popula3on size measured in Humberside is nevertheless far larger than measured 

in the sugar beet crop (Ne ≃ 10,000). The size of the present germplasm collec3on most 

certainly exceeds the size of a breeding panel.  
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Further gene-based analyses bring out a higher nucleo3de diversity in resistance genes than 

in other genes. This result is promising for the use of sea beets as a source of resistance traits 

for the beet crop improvement. Interes3ngly, this result was less marked in the popula3on 

from the west coast of England, which could indicate the impact of the presence of crop-

adapted pathogens on the east coast to maintain wild gene3c diversity, and the requirement 

for wild beets to develop specific resistance genes. However, it may also be impacted by gene 

flow from the crop. 

 

The re-sequencing data from hundreds of sea beets, as well as the pan-genome, were used 

in the present study to search for candidate rust resistance genes via a k-mer-based 

associa3on study. The pan-genome was u3lised as a collec3on of poten3al NLR loci, to map 

k-mers for which an associa3on to rust resistance was iden3fied. This is the first k-mer-based 

associa3on study conducted directly on wild-sampled individuals.  

 

The observa3ons from this analysis suggest poten3al sea beet-rust coevolu3on. Indeed, out 

of three rust inocula3on trials, the sea beets, mostly sampled across England, were found to 

be more suscep3ble to the Danish rust than to the two English rusts. Moreover, the 

associated resistance loci were comparable across English rusts inocula3ons, but not 

between English and Danish rust experiments. However, this result is not clear cut because 

increased suscep3bility to Danish rust is also observed in controls, and this suggests that this 

paBern may equally be the result of methodological differences. 

 

The rust inocula3on trials revealed agricultural beets as more suscep3ble than wild beets. 

Crops are boBlenecked and carry a different gene3c background, due to the 

Mediterranean/Atlan3c split, to the English sea beets, implying a poten3al difference in their 

resistance genes. Moreover, sea beets from the west coast were more suscep3ble than their 

counterparts from the east coast, in trials as well as in nature. In trials, this could be due to 

the loca3on the rust was sampled from (east coast) and in nature, to the weather, which is 

weBer and, thus, more prone to fungal infec3ons. Interes3ngly, this raises the point of 

designing future trials in condi3ons reflec3ng more the natural weather wild beets are 

subject to. Studies of wild germplasm are disadvantaged for a number of reasons but 

measuring the impact of a gene in the environment in which is it to be deployed may be one 

advantage. 
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On the associa3on gene3cs side, the analysis didn’t produce the clear peaks usually observed 

in crop-based studies, involving inbred lines. Instead, the method deployed here u3lised 

signals across trials to iden3fy genes of interest.  

 

Two loci were iden3fied based on their maximum associa3on, one locus appeared in two 

controlled inocula3ons and one natural wild trial (each an English rust). Very interes3ngly, 

this work provides op3mis3c signs about a possibility to directly iden3fy candidate resistance 

genes in the wild, only necessita3ng an overall scoring of pathogens presence/absence on 

the leaves of the plant and a collec3on of leaf material for sequencing. Randomly scoring 133 

wild individuals, of which ¼ was infected, was sufficient to observe a signal directly in nature 

(replicated in the controlled trials). Popula3on genomic outlier measures of gene3c diversity 

and differen3a3on for the locus (iden3fied in three analyses, two controlled and one wild) 

are encouraging for the poten3al to use popula3on gene3cs to highlight candidate resistance 

genes. Outlier values were retrieved when comparing east and west English popula3ons. This 

signal suggests either that this gene was introduced by crops to wild east coast popula3ons, 

or that it is under selec3on due to the presence of crop-adapted pathogens on the east coast.  

 

Three loci were iden3fied reasoning that the mean associa3on score carried by an NLR locus 

would be a strategic way to measure how well the locus in ques3on is associated. These three 

loci are found within 30-50 kbp in the genome, two of them corresponding to full-length CC-

NLRs and the third one, upstream and on the an3sense strand, to a truncated NLR missing an 

N-terminal domain. The fact that they are all three iden3fied despite the low linkage 

disequilibrium decay in sea beet (LD decay ≃ 1 kb) may indicate that they all are important 

and could func3on together. These three loci are present in ten HiFi genomes out of eleven: 

they are not present in the single representant of the Mediterranean clade, indica3ng that it 

is probable that these genes are missing from breeding materials. Further inves3ga3on into 

haplotype diversity, and local linkage could shed light on the mechanisms maintaining these 

three genes and the importance of maintaining them in a block for breeding.  

 

In comparison with a reference-based GWAS, the present k-mer-based study enabled the 

iden3fica3on of NLR sequences in wild sea beet that are absent from the sugar beet genome. 

A k-mer-based approach facilitates the iden3fica3on of rare or novel alleles, as well as 

structural variants. It is par3cularly well-suited for screening NLR genes, as it does not rely on 
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a reference genome, in which NLR genes could be misassembled due to their high iden3ty 

with each other and their repe33ve nature. The use of a long k length (51) minimises the 

likelihood of k-mers mapping to mul3ple NLR genes with high sequence iden3ty. The pursuit 

of the present work, genera3ng a sea beet pangenome represen3ng the wild gene3c 

diversity, will allow pan-genomic-based associa3on analyses and a more comprehensive 

screening for novel resistance genes. Achieving this, however, will require the comple3on of 

the pangenome assembly. 

 

To further the understanding of the present results, valida3on of the 5 NLR loci iden3fied 

could involve using RNA-sequencing data to monitor their expression paBerns consecu3ve to 

rust inocula3on. The final valida3on will require the transforma3on of a suscep3ble beet 

background and the resistance evalua3on through inocula3on trials. Moreover, addi3onal 

analyses could involve the measure of the strength and nature of selec3on on these poten3al 

candidate genes. Finally, inves3ga3ng the resistance gene diversity in sea beet through the 

understanding of network dynamics would help comprehending the func3oning of the three 

physically linked orthogroups associated with English rust resistance, crucial for a poten3al 

transfer to the sugar beet crop. 
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 Appendix 
 

 
Figure S1 - There is no apparent parallel between the Danish and UK rust trials, in terms of mean score per NLR 

orthogroup.  

Mean association score per NLR orthogroup with rust resistance compared between the trials involving the 

Danish and the Norfolk rust (A) or the Danish and the Lincolnshire rust (B). The NLR orthogroups OG0000122, 

OG0000123 and OG0000124 are coloured in red and the orthogroups OG0000043 and OG0000048 are coloured 

in blue.  

 

 
Figure S2 - Sequencing depth of the 520 re-sequenced sea beets. 

The amount of data generated per sample was divided by the mean genome size of the 11 assemblies generated 

in the Chapter II (i.e. 714.182 Mb). The samples are coloured depending on where they have been collected: in 

one of the 3 large-scale association experiments (Norfolk, Lincolnshire or Denmark), or directly in their natural 

environment (Mothers). 
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Figure S3 - Populations generated by PopCluster for K=10 (A) to K=20 (K).  

 

Genome 
Total number of shared 

k-mers in the reads 

EsJmated sequencing 

depth according to the 

esJmated sea beet 

genome size 

EsJmated sequencing 

depth according to the 

esJmated sugar beet 

genome size 

Gb_Norfolk_426 22,172,131,108 39.1 29.9 

Gb_Essex_038 27,711,071,730 48.9 37.4 

Gb_Norfolk_095 31,726,002,724 56.0 42.8 

Es_Catalonia_378 35,350,821,827 62.3 47.7 

Gb_Merseyside_109 18,548,113,238 32.7 25.0 

Gb_Humber_260 25,002,360,407 44.1 33.7 

Dk_Sjælland_406 27,246,219,489 48.1 36.8 

Fr_Bretagne_309 25,167,093,224 44.4 34.0 

Gb_Merseyside_206 14,718,855,992 26.0 19.9 

Gb_Suffolk_251 39,220,129,763 69.2 52.9 

Gb_Essex_167 23,412,666,150 41.3 31.6 

Table S1 - Genome sequencing depth estimation based on published beet genome size estimations. 

Sea beet estimated genome size: 567 Mbp; sugar beet estimated genome size: 741 Mbp16. 
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Number of genes 233,208 

Number of genes in orthogroups 232,623 

Number of unassigned genes 585 

Percentage of genes in orthogroups 99.7 

Percentage of unassigned genes 0.3 

Number of orthogroups 19,454 

Number of genome-specific orthogroups 265 

Number of genes in genome-specific orthogroups 3,119 

Percentage of genes in genome-specific orthogroups 1.3 

Mean orthogroup size 12 

Median orthogroup size 11 

Number of orthogroups with all genomes present 17,736 

Number of single-copy orthogroups 16,250 

Table S2 - OrthoFinder statistics on annotated genes from the eleven sea beet assemblies. 

 

Number of genes 2,157 

Number of genes in orthogroups 2,152 

Number of unassigned genes 5 

Percentage of genes in orthogroups 99.8 

Percentage of unassigned genes 0.2 

Number of orthogroups 215 

Number of genome-specific orthogroups 0 

Number of genes in genome-specific orthogroups 0 

Percentage of genes in genome-specific orthogroups 0 

Mean orthogroup size 10 

Median orthogroup size 11 

Number of orthogroups with all genomes present 101 

Number of single-copy orthogroups 58 

Table S3 - OrthoFinder statistics on NLR loci extracted from the eleven sea beet genomes.  
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Genome 
NLR 

loci 
Core NLRome Sos-Core NLRome Shell NLRome Cloud NLRome 

Gb_Essex_167 192 123 143 48 1 

Gb_Suffolk_251 194 131 149 45 0 

Gb_Merseyside_206 186 121 143 43 0 

Fr_Bretagne_309 207 126 148 59 0 

Dk_Sjaelland_406 201 131 148 53 0 

Gb_Humber_260 185 120 138 45 2 

Gb_Merseyside_109 195 127 148 46 1 

Es_Catalonia_378 205 138 163 42 0 

Gb_Norfolk_095 201 127 144 57 0 

Gb_Essex_038 196 132 151 44 1 

Gb_Norfolk_426 195 129 148 47 0 

Total 2,157 1,405 1,623 529 5 

Table S4 - Number of NLR loci identified in the eleven genomes.  

 

Genome Core genome 
Sos-core 

genome 
Shell genome Cloud genome 

Total number 

of genes 

Gb_Essex_167 19,738 20,336 600 219 21,155 

Gb_Suffolk_251 19,616 20,193 559 382 21,134 

Gb_Merseyside_206 19,762 20,309 567 256 21,132 

Fr_Bretagne_309 19,632 20,318 548 266 21,132 

Dk_Sjaelland_406 19,751 20,324 599 227 21,150 

Gb_Humber_260 19,611 20,165 715 301 21,181 

Gb_Merseyside_109 19,640 20,215 568 370 21,153 

Es_Catalonia_378 19,761 20,293 567 275 21,135 

Gb_Norfolk_095 19,699 20,241 610 330 21,181 

Gb_Essex_038 19,808 20,351 556 201 21,108 

Gb_Norfolk_426 19,693 20,254 616 292 21,162 

Total 216,711 222,999 6,505 3,119 232,623 

Table S5 - Number of genes annotated in the eleven sea beet genomes.  
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Genome name 
Danish rust 

resistance 

Are there sisters 

resistant to 

English rust? 

PigmentaJon 
AddiJonal 

phenotypes 

Gb_Norfolk_426 Yes Yes PeJoles / 

Gb_Essex_038 Yes Yes / 
Stalk, leaf 

waxiness 

Gb_Norfolk_095 Yes Yes Edges / 

Es_Catalonia_378 Yes No PeJoles / 

Gb_Merseyside_109 Yes Yes PeJoles Leaf waxiness 

Gb_Humber_260 No Yes PeJoles 
Trichomes, leaf 

waxiness 

Dk_Sjælland_406 No Yes / Leaf waxiness 

Fr_Bretagne_309 No Yes PeJoles / 

Gb_Merseyside_206 Yes Yes PeJoles + Veins + Edges Leaf waxiness 

Gb_Suffolk_251 Yes Yes PeJoles + Veins + Edges Leaf waxiness 

Gb_Essex_167 Yes Yes / 
Trichomes, leaf 

waxiness, bolJng 

Table S6 - Phenotypes of the 11 genomes selected from the Danish large-scale association study (Chapter III), 

for whole genome PacBio HiFi sequencing. 
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OG0000001 4 4 2 4 3 3 4 3 5 6 3 41 

OG0000043 1 1 1 1 1 1 1 1 2 1 1 12 

OG0000048 1 1 1 1 1 1 1 1 1 2 1 12 

OG0000057 1 1 1 1 1 1 1 1 1 1 1 11 

OG0000099 1 1 1 1 1 1 1 1 1 1 1 11 

OG0000122 1 1 1 1 1 1 1 1 0 1 1 10 

OG0000123 1 1 1 1 1 1 1 1 0 1 1 10 

OG0000124 1 1 1 1 1 1 1 1 0 1 1 10 

OG0000165 1 1 0 0 1 0 0 0 0 1 1 5 

Table S7 - Number of NLR genes per orthogroup in the 11 sea beet assemblies.  



 156 

 

Country Site/Agricultural provider 
Number of plants subject to rust inoculation 

Norfolk experiment Lincolnshire experiment Danish experiment 

NA KWS 24 22 48 

NA BBRO 2 2 4 

England 
(east 
coast) 

Benfleet 48 46 47 

Burnham-on-Crouch 20 20 20 

Burnham-Overy-Staithe 38 36 36 

Cley-next-the-Sea 38 38 38 

Heacham_Beach 36 36 36 

Humber 36 35 36 

Bawdsey 28 28 28 

Orford 40 37 37 

Southwold 47 48 42 

Thurrock 41 39 40 

England 
(west 
coast) 

Little_Eye 8 7 8 

Thurstaston 42 41 42 

W_Kirby 67 66 65 

Park_Gate 32 32 32 

France 
PAL 7 5 6 

ROS 5 5 4 

Spain 
CRE 1 0 0 

MUN 1 1 1 

Denmark 
Faro 9 9 9 

Glaeno 10 9 10 
Table S8 - Number of plants involved in the three large-scale rust inoculation trials 

 

Sample 
name 

Total data 
generated 

(Gb) 

Sequencing 
depth Coverage Experiment Sampling location 

Ba001 13.05 18.27 99.84% nature Suffolk 

Ba002 11.54 16.15 99.87% nature Suffolk 

Ba005 14.88 20.84 99.83% nature Suffolk 

Ba006 13.45 18.84 99.86% nature Suffolk 

Ba007 12.19 17.06 99.82% nature Suffolk 

Ba008 15.01 21.02 99.85% nature Suffolk 

Ba009 12.63 17.68 99.86% nature Suffolk 

Ba010 12.77 17.89 99.84% nature Suffolk 

Ba011 12.81 17.94 99.86% nature Suffolk 

Ba012 12.55 17.57 99.86% nature Suffolk 

Ba013 12.79 17.91 99.85% nature Suffolk 

Ba014 14.90 20.87 99.86% nature Suffolk 
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Ba015 13.91 19.48 99.83% nature Suffolk 

BA016 18.91 26.47 99.85% nature Suffolk 

BA258 12.92 18.09 99.82% nature Suffolk 

BC001 17.73 24.82 99.85% nature Essex 

BC002 20.90 29.26 99.84% nature Essex 

BC003 25.06 35.09 99.85% nature Essex 

BC006 20.10 28.15 99.86% nature Essex 

BC007 19.02 26.64 99.85% nature Essex 

BC008 20.68 28.96 99.85% nature Essex 

BC009 23.80 33.32 99.86% nature Essex 

BC012 18.61 26.06 99.85% nature Essex 

BC013 15.96 22.35 99.87% nature Essex 

BC015 18.33 25.66 99.86% nature Essex 

BN001 9.44 13.21 99.85% nature Essex 

BN002 10.38 14.53 99.86% nature Essex 

BN003 11.99 16.79 99.85% nature Essex 

BN004 13.75 19.25 99.84% nature Essex 

BN005 11.75 16.45 99.86% nature Essex 

BN006 10.89 15.24 99.83% nature Essex 

BN008 13.11 18.36 99.84% nature Essex 

BN009 12.43 17.40 99.86% nature Essex 

BN011 12.40 17.36 99.86% nature Essex 

BN012 12.10 16.94 99.83% nature Essex 

BN015 14.10 19.74 99.86% nature Essex 

BoS001 20.15 28.22 99.89% nature Norfolk 

BoS002 13.90 19.47 99.90% nature Norfolk 

BoS003 13.58 19.02 99.89% nature Norfolk 

BoS005 14.30 20.03 99.89% nature Norfolk 

BoS006 16.00 22.41 99.89% nature Norfolk 

BoS007 14.50 20.30 99.89% nature Norfolk 

BoS008 14.07 19.70 99.90% nature Norfolk 

BoS011 14.36 20.10 99.91% nature Norfolk 

BoS012 0.17 0.24 99.87% nature Norfolk 

BoS014 14.17 19.84 99.87% nature Norfolk 

Cl001 17.03 23.85 99.87% nature Norfolk 

Cl003 13.40 18.76 99.85% nature Norfolk 

Cl004 0.64 0.90 99.85% nature Norfolk 

Cl005 13.44 18.81 99.88% nature Norfolk 

Cl006 13.27 18.58 99.87% nature Norfolk 

Cl007 12.77 17.89 99.86% nature Norfolk 

Cl008 14.36 20.10 99.87% nature Norfolk 

Cl009 11.67 16.35 99.88% nature Norfolk 
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Cl010 12.37 17.33 99.89% nature Norfolk 

Cl012 14.26 19.97 99.84% nature Norfolk 

Cl015 11.95 16.73 99.87% nature Norfolk 

D001A 11.60 16.25 99.85% denmark Suffolk 

D001B 20.07 28.10 99.84% denmark Suffolk 

D001D 13.27 18.58 99.83% denmark Suffolk 

D002A 12.49 17.49 99.85% denmark Suffolk 

D008C 13.26 18.57 99.85% denmark Suffolk 

D008D 11.53 16.14 99.85% denmark Suffolk 

D013A 17.08 23.91 99.85% denmark Suffolk 

D013B 13.05 18.27 99.84% denmark Suffolk 

D013C 14.56 20.38 99.84% denmark Suffolk 

D013D 11.98 16.77 99.84% denmark Suffolk 

D015A 13.90 19.46 99.84% denmark Suffolk 

D015B 15.91 22.27 99.83% denmark Suffolk 

D016A 12.18 17.06 99.84% denmark Suffolk 

D016B 17.72 24.82 99.82% denmark Suffolk 

D016C 11.72 16.42 99.82% denmark Suffolk 

D016D 19.77 27.68 99.84% denmark Suffolk 

D038A 13.15 18.41 99.84% denmark Essex 

D038B 12.90 18.07 99.85% denmark Essex 

D038C 13.07 18.30 99.84% denmark Essex 

D040B 12.70 17.78 99.85% denmark Essex 

D040C 17.67 24.74 99.87% denmark Essex 

D040D 9.88 13.84 99.79% denmark Essex 

D042B 15.03 21.04 99.85% denmark Essex 

D042C 15.61 21.85 99.84% denmark Essex 

D042D 13.28 18.60 99.83% denmark Essex 

D047B 13.32 18.65 99.85% denmark Norfolk 

D047D 15.23 21.32 99.86% denmark Norfolk 

D050A 15.08 21.11 99.86% denmark Essex 

D050D 16.67 23.34 99.86% denmark Essex 

D055A 15.70 21.99 99.83% denmark Suffolk 

D061A 12.34 17.27 99.84% denmark Humberside 

D061C 11.98 16.77 99.82% denmark Humberside 

D065B 19.24 26.93 99.85% denmark Essex 

D065D 20.62 28.88 99.85% denmark Essex 

D068B 12.45 17.43 99.80% denmark Humberside 

D068C 15.57 21.80 99.81% denmark Humberside 

D068D 18.27 25.58 99.83% denmark Humberside 

D071D 14.58 20.42 99.84% denmark Suffolk 

D074A 14.71 20.59 99.83% denmark Humberside 
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D074B 13.37 18.72 99.81% denmark Humberside 

D074C 15.58 21.81 99.81% denmark Humberside 

D076B 0.17 0.24 99.68% denmark Suffolk 

D076D 19.67 27.55 99.86% denmark Suffolk 

D077A 9.31 13.04 99.81% denmark Suffolk 

D077B 17.00 23.81 99.82% denmark Suffolk 

D077D 21.12 29.57 99.83% denmark Suffolk 

D080B 13.38 18.74 99.82% denmark Merseyside_Cheshire 

D080C 12.75 17.86 99.79% denmark Merseyside_Cheshire 

D080D 11.96 16.74 99.83% denmark Merseyside_Cheshire 

D081A 12.92 18.09 99.88% denmark Norfolk 

D081B 10.50 14.70 99.87% denmark Norfolk 

D081C 11.89 16.65 99.89% denmark Norfolk 

D083C 11.44 16.01 99.90% denmark Essex 

D083D 14.06 19.69 99.82% denmark Essex 

D088C 14.05 19.67 99.83% denmark Essex 

D089AB 14.44 20.21 99.84% denmark Essex 

D092A 15.83 22.17 99.83% denmark Essex 

D092B 13.44 18.81 99.81% denmark Essex 

D092D 11.14 15.59 99.84% denmark Essex 

D095C 14.71 20.59 99.88% denmark Norfolk 

D097A 14.63 20.48 99.84% denmark Essex 

D097C 27.89 39.05 99.87% denmark Essex 

D101C 20.20 28.28 99.83% denmark Suffolk 

D103B 14.36 20.11 99.85% denmark Norfolk 

D103D 18.74 26.24 99.86% denmark Norfolk 

D105B 18.32 25.65 99.81% denmark Norfolk 

D109A 15.46 21.64 99.83% denmark Merseyside_Cheshire 

D112B 24.93 34.91 99.85% denmark Essex 

D112C 14.02 19.64 99.80% denmark Essex 

D112D 11.94 16.71 99.83% denmark Essex 

D114B 14.26 19.97 99.78% denmark Humberside 

D117B 14.56 20.39 99.79% denmark Suffolk 

D117D 12.58 17.62 99.82% denmark Suffolk 

D120B 16.45 23.04 99.83% denmark Humberside 

D120C 15.13 21.18 99.82% denmark Humberside 

D120D 0.22 0.31 99.71% denmark Humberside 

D124B 12.40 17.36 99.83% denmark Essex 

D124D 14.66 20.52 99.83% denmark Essex 

D132A 11.55 16.17 99.83% denmark Suffolk 

D132B 21.51 30.12 99.85% denmark Suffolk 

D132C 17.04 23.86 99.84% denmark Suffolk 
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D132D 19.06 26.69 99.85% denmark Suffolk 

D134C 0.64 0.89 99.72% denmark Essex 

D135A 12.05 16.87 99.84% denmark Essex 

D135C 14.59 20.43 99.88% denmark Essex 

D138C 10.26 14.36 99.83% denmark Essex 

D138D 14.10 19.74 99.83% denmark Essex 

D145B 20.81 29.13 99.89% denmark Norfolk 

D145C 15.22 21.31 99.88% denmark Norfolk 

D145D 13.64 19.10 99.87% denmark Norfolk 

D146A 12.50 17.50 99.84% denmark Essex 

D146D 12.16 17.03 99.84% denmark Essex 

D149D 15.56 21.79 99.83% denmark Suffolk 

D151A 14.53 20.35 99.86% denmark Humberside 

D151B 14.87 20.83 99.80% denmark Humberside 

D155C 24.22 33.91 99.89% denmark Essex 

D156B 13.44 18.82 99.85% denmark Norfolk 

D156C 11.99 16.79 99.86% denmark Norfolk 

D159D 18.26 25.57 99.86% denmark Essex 

D161A 13.24 18.54 99.84% denmark Essex 

D161D 13.70 19.19 99.85% denmark Essex 

D162C 15.50 21.71 99.84% denmark Essex 

D163D 15.28 21.39 99.83% denmark Humberside 

D165B 16.53 23.14 99.83% denmark Essex 

D165C 17.42 24.39 99.84% denmark Essex 

D165D 14.65 20.52 99.85% denmark Essex 

D166A 13.22 18.52 99.83% denmark Humberside 

D167C 16.98 23.77 99.84% denmark Essex 

D167D 16.15 22.61 99.85% denmark Essex 

D172A 18.72 26.22 99.80% denmark Merseyside_Cheshire 

D172C 9.44 13.22 99.82% denmark Merseyside_Cheshire 

D172D 12.17 17.04 99.80% denmark Merseyside_Cheshire 

D175D 18.83 26.36 99.82% denmark Merseyside_Cheshire 

D179A 9.89 13.85 99.84% denmark Merseyside_Cheshire 

D180D 17.63 24.69 99.83% denmark Merseyside_Cheshire 

D183B 14.58 20.42 99.77% denmark Merseyside_Cheshire 

D183C 12.78 17.89 99.75% denmark Merseyside_Cheshire 

D183D 16.89 23.65 99.74% denmark Merseyside_Cheshire 

D185B 13.03 18.25 99.82% denmark Merseyside_Cheshire 

D186B 21.00 29.41 99.85% denmark Merseyside_Cheshire 

D187A 14.07 19.70 99.81% denmark Merseyside_Cheshire 

D187C 18.66 26.12 99.86% denmark Merseyside_Cheshire 

D187D 16.51 23.12 99.83% denmark Merseyside_Cheshire 
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D188A 16.54 23.15 99.83% denmark Merseyside_Cheshire 

D188C 15.61 21.86 99.83% denmark Merseyside_Cheshire 

D189A 15.91 22.27 99.80% denmark Merseyside_Cheshire 

D189C 20.34 28.48 99.84% denmark Merseyside_Cheshire 

D192C 11.48 16.08 99.80% denmark Merseyside_Cheshire 

D193D 13.38 18.73 99.81% denmark Merseyside_Cheshire 

D194D 11.82 16.55 99.84% denmark Merseyside_Cheshire 

D195B 13.12 18.37 99.81% denmark Merseyside_Cheshire 

D196D 13.27 18.57 99.79% denmark Merseyside_Cheshire 

D198C 15.40 21.56 99.82% denmark Merseyside_Cheshire 

D201C 10.41 14.57 99.75% denmark Merseyside_Cheshire 

D204A 13.04 18.25 99.81% denmark Merseyside_Cheshire 

D205A 15.67 21.94 99.84% denmark Merseyside_Cheshire 

D206B 15.01 21.02 99.83% denmark Merseyside_Cheshire 

D206D 14.16 19.82 99.84% denmark Merseyside_Cheshire 

D207B 14.01 19.62 99.84% denmark Merseyside_Cheshire 

D218A 13.27 18.58 99.81% denmark Merseyside_Cheshire 

D218D 12.99 18.19 99.81% denmark Merseyside_Cheshire 

D219B 11.18 15.66 99.81% denmark Merseyside_Cheshire 

D219C 14.91 20.88 99.81% denmark Merseyside_Cheshire 

D220C 0.22 0.31 99.82% denmark Merseyside_Cheshire 

D222C 14.64 20.50 99.84% denmark Merseyside_Cheshire 

D223A 18.38 25.74 99.82% denmark Merseyside_Cheshire 

D223B 13.88 19.43 99.82% denmark Merseyside_Cheshire 

D223D 18.09 25.32 99.84% denmark Merseyside_Cheshire 

D226B 11.34 15.88 99.81% denmark Merseyside_Cheshire 

D226D 13.39 18.75 99.78% denmark Merseyside_Cheshire 

D227B 20.05 28.08 99.82% denmark Merseyside_Cheshire 

D227D 11.49 16.09 99.80% denmark Merseyside_Cheshire 

D230A 13.12 18.37 99.87% denmark Norfolk 

D230B 12.13 16.98 99.83% denmark Norfolk 

D232A 14.06 19.69 99.86% denmark Norfolk 

D232B 14.37 20.13 99.84% denmark Norfolk 

D233A 13.40 18.76 99.87% denmark Norfolk 

D233B 14.46 20.24 99.89% denmark Norfolk 

D233C 18.15 25.41 99.87% denmark Norfolk 

D234A 15.78 22.09 99.88% denmark Norfolk 

D234B 15.65 21.91 99.87% denmark Norfolk 

D236B 13.11 18.35 99.87% denmark Norfolk 

D239C 12.15 17.01 99.86% denmark Norfolk 

D240A 13.41 18.78 99.86% denmark Norfolk 

D240B 12.13 16.99 99.83% denmark Norfolk 
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D240D 11.48 16.08 99.82% denmark Norfolk 

D241A 15.64 21.89 99.84% denmark Norfolk 

D246A 14.02 19.63 99.88% denmark Norfolk 

D247A 19.29 27.01 99.83% denmark Suffolk 

D248C 13.09 18.33 99.85% denmark Suffolk 

D249A 19.24 26.95 99.84% denmark Suffolk 

D249B 15.33 21.46 99.83% denmark Suffolk 

D249C 0.01 0.01 99.68% denmark Suffolk 

D250B 12.81 17.94 99.83% denmark Suffolk 

D250D 13.21 18.50 99.83% denmark Suffolk 

D251B 14.83 20.77 99.84% denmark Suffolk 

D253B 13.55 18.98 99.84% denmark Suffolk 

D254B 15.91 22.28 99.84% denmark Suffolk 

D255A 13.02 18.22 99.79% denmark Suffolk 

D255B 20.07 28.10 99.85% denmark Suffolk 

D255C 12.99 18.18 99.83% denmark Suffolk 

D257B 19.42 27.19 99.83% denmark Suffolk 

D257C 10.21 14.29 99.81% denmark Suffolk 

D258B 12.39 17.35 99.85% denmark Suffolk 

D260A 13.87 19.42 99.80% denmark Humberside 

D260C 12.03 16.84 99.84% denmark Humberside 

D260D 12.79 17.92 99.83% denmark Humberside 

D281 12.78 17.90 99.79% denmark Brittany_France 

D282 22.06 30.89 99.82% denmark Brittany_France 

D288 15.01 21.01 99.81% denmark Brittany_France 

D297 12.62 17.67 99.80% denmark Brittany_France 

D300 12.53 17.54 99.79% denmark Brittany_France 

D301 18.34 25.68 99.82% denmark Brittany_France 

D378 12.17 17.04 99.81% denmark Mediterranean_Spain 

D384 12.77 17.88 99.80% denmark Zealand_Denmark 

D388 13.70 19.19 99.77% denmark Zealand_Denmark 

D389 16.09 22.53 99.80% denmark Zealand_Denmark 

D391 15.09 21.13 99.79% denmark Zealand_Denmark 

D392 14.33 20.06 99.75% denmark Zealand_Denmark 

D393 16.04 22.46 99.79% denmark Zealand_Denmark 

D394 10.61 14.85 99.78% denmark Zealand_Denmark 

D395 13.42 18.80 99.81% denmark Zealand_Denmark 

D400 12.78 17.90 99.79% denmark Zealand_Denmark 

D404 14.86 20.81 99.79% denmark Zealand_Denmark 

D407 14.31 20.03 99.78% denmark Zealand_Denmark 

D408 13.58 19.02 99.79% denmark Zealand_Denmark 

D409 13.89 19.45 99.79% denmark Zealand_Denmark 
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D412B 10.86 15.21 99.83% denmark Essex 

D413B 11.59 16.23 99.83% denmark Essex 

D413D 13.46 18.85 99.82% denmark Essex 

D416D 15.88 22.23 99.83% denmark Essex 

D417B 12.47 17.46 99.85% denmark Norfolk 

D417C 12.91 18.08 99.86% denmark Norfolk 

D418B 8.69 12.17 99.84% denmark Norfolk 

D418C 10.92 15.29 99.83% denmark Norfolk 

D418D 12.19 17.06 99.86% denmark Norfolk 

D419A 23.68 33.15 99.88% denmark Norfolk 

D419B 16.15 22.61 99.86% denmark Norfolk 

D419D 14.27 19.98 99.87% denmark Norfolk 

D421A 17.68 24.76 99.88% denmark Norfolk 

D423D 6.22 8.71 99.84% denmark Norfolk 

D424A 0.05 0.08 99.73% denmark Norfolk 

D424C 15.08 21.11 99.89% denmark Norfolk 

D426A 13.44 18.81 99.99% denmark Norfolk 

D426B 20.19 28.28 99.94% denmark Norfolk 

D426D 14.35 20.09 99.91% denmark Norfolk 

D428A 12.08 16.91 99.87% denmark Norfolk 

D428B 15.69 21.97 99.89% denmark Norfolk 

D428C 18.95 26.53 99.90% denmark Norfolk 

D428D 18.88 26.43 99.90% denmark Norfolk 

D429A 12.34 17.28 99.88% denmark Norfolk 

D429B 14.43 20.21 99.86% denmark Norfolk 

D429C 10.87 15.22 99.86% denmark Norfolk 

D440A 13.73 19.22 99.88% denmark Norfolk 

D440B 12.38 17.33 99.86% denmark Norfolk 

D440C 13.78 19.30 99.87% denmark Norfolk 

D440D 20.59 28.83 99.90% denmark Norfolk 

D442A 13.41 18.78 99.79% denmark Merseyside_Cheshire 

D442D 9.90 13.86 99.80% denmark Merseyside_Cheshire 

D444A 13.25 18.55 99.85% denmark Suffolk 

D445A 13.70 19.19 99.78% denmark Suffolk 

D446C 12.43 17.40 99.80% denmark Merseyside_Cheshire 

D446D 18.52 25.93 99.79% denmark Merseyside_Cheshire 

D447A 12.64 17.69 99.81% denmark Merseyside_Cheshire 

D447B 9.96 13.94 99.80% denmark Merseyside_Cheshire 

D447C 15.43 21.60 99.84% denmark Merseyside_Cheshire 

D447D 11.68 16.35 99.83% denmark Merseyside_Cheshire 

D448A 16.00 22.40 99.83% denmark Merseyside_Cheshire 

D448B 13.40 18.76 99.81% denmark Merseyside_Cheshire 
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D449A 14.74 20.64 99.81% denmark Merseyside_Cheshire 

HB001 17.65 24.72 99.89% nature Norfolk 

HB002 12.03 16.85 99.86% nature Norfolk 

HB003 9.33 13.06 99.88% nature Norfolk 

HB004 12.72 17.81 99.88% nature Norfolk 

HB005 13.73 19.22 99.88% nature Norfolk 

HB006 13.28 18.60 99.87% nature Norfolk 

HB008 10.29 14.41 99.88% nature Norfolk 

HB010 14.06 19.69 99.88% nature Norfolk 

HB012 12.48 17.48 99.88% nature Norfolk 

HB014 11.18 15.65 99.88% nature Norfolk 

HB015 12.52 17.53 99.87% nature Norfolk 

HN001 12.93 18.11 99.81% nature Humberside 

HN002 15.88 22.24 99.81% nature Humberside 

HN003 27.97 39.16 99.84% nature Humberside 

HN005 13.47 18.86 99.81% nature Humberside 

HN006 13.47 18.86 99.83% nature Humberside 

HN007 14.35 20.09 99.81% nature Humberside 

HN008 14.67 20.54 99.81% nature Humberside 

HN009 19.45 27.23 99.85% nature Humberside 

HN010 15.88 22.24 99.81% nature Humberside 

HN011 16.12 22.57 99.86% nature Humberside 

HN013 20.70 28.98 99.83% nature Humberside 

L040B 13.67 19.14 99.87% lincolnshire Essex 

L040C 10.89 15.25 99.86% lincolnshire Essex 

L050B 13.34 18.67 99.85% lincolnshire Essex 

L074B 11.75 16.46 99.82% lincolnshire Humberside 

L076C 11.27 15.78 99.89% lincolnshire Suffolk 

L076D 14.77 20.68 99.85% lincolnshire Suffolk 

L079B 11.00 15.41 99.84% lincolnshire Essex 

L081C 14.40 20.16 99.88% lincolnshire Norfolk 

L081D 10.89 15.25 99.89% lincolnshire Norfolk 

L095C 10.96 15.35 99.87% lincolnshire Norfolk 

L101D 12.30 17.23 99.80% lincolnshire Suffolk 

L103D 14.31 20.03 99.86% lincolnshire Norfolk 

L107B 15.33 21.47 99.82% lincolnshire Suffolk 

L112A 16.26 22.77 99.85% lincolnshire Essex 

L112B 18.53 25.95 99.84% lincolnshire Essex 

L114A 17.46 24.45 99.83% lincolnshire Humberside 

L120C 13.38 18.74 99.84% lincolnshire Humberside 

L145B 12.88 18.04 99.87% lincolnshire Norfolk 

L151A 12.02 16.84 99.80% lincolnshire Humberside 
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L151B 11.79 16.51 99.83% lincolnshire Humberside 

L156C 20.58 28.82 99.87% lincolnshire Norfolk 

L163A 15.52 21.74 99.78% lincolnshire Humberside 

L163B 12.32 17.25 99.82% lincolnshire Humberside 

L166B 9.22 12.90 99.85% lincolnshire Humberside 

L166C 12.69 17.77 99.82% lincolnshire Humberside 

L172B 11.01 15.42 99.82% lincolnshire Merseyside_Cheshire 

L175D 8.36 11.71 99.82% lincolnshire Merseyside_Cheshire 

L180B 12.01 16.81 99.82% lincolnshire Merseyside_Cheshire 

L186A 14.95 20.93 99.81% lincolnshire Merseyside_Cheshire 

L186B 11.58 16.21 99.80% lincolnshire Merseyside_Cheshire 

L186C 14.40 20.16 99.81% lincolnshire Merseyside_Cheshire 

L187B 14.76 20.67 99.82% lincolnshire Merseyside_Cheshire 

L187C 18.58 26.02 99.77% lincolnshire Merseyside_Cheshire 

L187D 12.90 18.06 99.83% lincolnshire Merseyside_Cheshire 

L188C 10.89 15.24 99.79% lincolnshire Merseyside_Cheshire 

L194C 10.86 15.21 99.80% lincolnshire Merseyside_Cheshire 

L198B 15.76 22.07 99.83% lincolnshire Merseyside_Cheshire 

L202A 21.01 29.42 99.83% lincolnshire Merseyside_Cheshire 

L202C 14.43 20.20 99.85% lincolnshire Merseyside_Cheshire 

L220A 11.78 16.49 99.82% lincolnshire Merseyside_Cheshire 

L226B 14.99 20.98 99.83% lincolnshire Merseyside_Cheshire 

L239A 11.02 15.43 99.86% lincolnshire Norfolk 

L240B 12.30 17.22 99.82% lincolnshire Norfolk 

L240C 14.83 20.77 99.86% lincolnshire Norfolk 

L241B 9.22 12.92 99.87% lincolnshire Norfolk 

L260A 18.79 26.31 99.82% lincolnshire Humberside 

L260C 14.28 20.00 99.84% lincolnshire Humberside 

L378 12.31 17.24 99.85% lincolnshire Mediterranean_Spain 

L404 16.24 22.75 99.81% lincolnshire Zealand_Denmark 

L406 14.76 20.67 99.80% lincolnshire Zealand_Denmark 

L428A 11.25 15.76 99.88% lincolnshire Norfolk 

L428B 10.96 15.35 99.88% lincolnshire Norfolk 

L440A 11.74 16.44 99.88% lincolnshire Norfolk 

L440C 14.98 20.98 99.90% lincolnshire Norfolk 

L442C 14.92 20.89 99.80% lincolnshire Merseyside_Cheshire 

L443A 13.39 18.74 99.82% lincolnshire Merseyside_Cheshire 

L443C 12.05 16.87 99.78% lincolnshire Merseyside_Cheshire 

L443D 12.72 17.81 99.81% lincolnshire Merseyside_Cheshire 

L446D 11.05 15.48 99.83% lincolnshire Merseyside_Cheshire 

L447A 11.97 16.77 99.83% lincolnshire Merseyside_Cheshire 

LE001 13.08 18.31 99.82% nature Merseyside_Cheshire 
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LEREL 11.46 16.05 99.85% nature Merseyside_Cheshire 

N015A 13.15 18.41 99.86% norfolk Suffolk 

N015B 13.12 18.37 99.84% norfolk Suffolk 

N042A 14.05 19.68 99.85% norfolk Essex 

N042B 8.38 11.73 99.85% norfolk Essex 

N055C 22.21 31.09 99.83% norfolk Suffolk 

N061B 14.90 20.87 99.80% norfolk Humberside 

N061C 16.56 23.18 99.71% norfolk Humberside 

N068B 13.17 18.44 99.81% norfolk Humberside 

N071D 15.13 21.19 99.83% norfolk Suffolk 

N074B 11.83 16.56 99.86% norfolk Humberside 

N080A 14.44 20.22 99.82% norfolk Merseyside_Cheshire 

N080B 15.96 22.35 99.84% norfolk Merseyside_Cheshire 

N080C 12.37 17.33 99.90% norfolk Merseyside_Cheshire 

N109A 13.12 18.37 99.81% norfolk Merseyside_Cheshire 

N112A 15.43 21.60 99.82% norfolk Essex 

N112D 13.46 18.84 99.84% norfolk Essex 

N117D 16.31 22.84 99.81% norfolk Suffolk 

N120B 21.06 29.49 99.82% norfolk Humberside 

N120C 24.31 34.03 99.86% norfolk Humberside 

N120D 14.72 20.61 99.91% norfolk Humberside 

N151A 15.59 21.83 99.82% norfolk Humberside 

N151D 14.85 20.80 99.81% norfolk Humberside 

N160C 17.49 24.49 99.83% norfolk Merseyside_Cheshire 

N161B 13.45 18.83 99.84% norfolk Essex 

N161C 14.06 19.69 99.84% norfolk Essex 

N162A 18.64 26.10 99.86% norfolk Essex 

N162D 19.13 26.79 99.81% norfolk Essex 

N163B 17.56 24.59 99.81% norfolk Humberside 

N180A 14.08 19.71 99.83% norfolk Merseyside_Cheshire 

N186A 16.61 23.26 99.84% norfolk Merseyside_Cheshire 

N186C 16.19 22.67 99.84% norfolk Merseyside_Cheshire 

N187C 11.63 16.28 99.76% norfolk Merseyside_Cheshire 

N187D 15.26 21.37 99.80% norfolk Merseyside_Cheshire 

N188A 14.99 20.99 99.81% norfolk Merseyside_Cheshire 

N198B 18.63 26.09 99.84% norfolk Merseyside_Cheshire 

N204A 21.24 29.74 99.83% norfolk Merseyside_Cheshire 

N223A 16.99 23.79 99.83% norfolk Merseyside_Cheshire 

N223B 18.88 26.43 99.83% norfolk Merseyside_Cheshire 

N223C 13.43 18.81 99.84% norfolk Merseyside_Cheshire 

N223D 18.35 25.70 99.82% norfolk Merseyside_Cheshire 

N227A 14.83 20.76 99.80% norfolk Merseyside_Cheshire 
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N232A 20.74 29.04 99.85% norfolk Norfolk 

N232B 13.71 19.19 99.84% norfolk Norfolk 

N255A 16.32 22.86 99.84% norfolk Suffolk 

N418B 21.13 29.58 99.87% norfolk Norfolk 

N418D 13.58 19.02 99.87% norfolk Norfolk 

N419A 14.66 20.53 99.87% norfolk Norfolk 

N419D 12.15 17.01 99.87% norfolk Norfolk 

N422A 15.86 22.21 99.88% norfolk Norfolk 

N422B 15.26 21.37 99.90% norfolk Norfolk 

N423A 0.05 0.08 99.88% norfolk Norfolk 

N423B 15.63 21.89 99.85% norfolk Norfolk 

N442C 0.01 0.01 99.83% norfolk Merseyside_Cheshire 

N442D 15.11 21.15 99.83% norfolk Merseyside_Cheshire 

N446A 15.74 22.04 99.82% norfolk Merseyside_Cheshire 

N446C 21.61 30.26 99.81% norfolk Merseyside_Cheshire 

N447A 13.44 18.81 99.82% norfolk Merseyside_Cheshire 

N447D 14.08 19.72 99.84% norfolk Merseyside_Cheshire 

N449A 15.07 21.10 99.82% norfolk Merseyside_Cheshire 

N449D 13.34 18.67 99.82% norfolk Merseyside_Cheshire 

OR001 11.57 16.20 99.83% nature Suffolk 

OR002 12.05 16.88 99.85% nature Suffolk 

OR003 14.44 20.22 99.85% nature Suffolk 

OR005 12.93 18.11 99.82% nature Suffolk 

OR006 12.61 17.66 99.83% nature Suffolk 

OR007 10.53 14.74 99.85% nature Suffolk 

OR008 15.05 21.08 99.88% nature Suffolk 

OR009 15.50 21.70 99.85% nature Suffolk 

OR011 14.63 20.48 99.86% nature Suffolk 

OR012 14.59 20.43 99.84% nature Suffolk 

OR013 12.21 17.09 99.85% nature Suffolk 

OR014 14.41 20.17 99.85% nature Suffolk 

PG001 11.99 16.79 99.83% nature Merseyside_Cheshire 

PG002 13.80 19.32 99.83% nature Merseyside_Cheshire 

PG003 16.19 22.67 99.80% nature Merseyside_Cheshire 

PG005 15.17 21.24 99.80% nature Merseyside_Cheshire 

PG006 13.40 18.76 99.78% nature Merseyside_Cheshire 

PG007 13.29 18.61 99.81% nature Merseyside_Cheshire 

PG009 8.69 12.17 99.85% nature Merseyside_Cheshire 

PG010 12.00 16.80 99.78% nature Merseyside_Cheshire 

PG011 10.91 15.28 99.82% nature Merseyside_Cheshire 

PG012 12.99 18.19 99.78% nature Merseyside_Cheshire 

PG014 9.90 13.86 99.82% nature Merseyside_Cheshire 
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PG015 9.93 13.90 99.81% nature Merseyside_Cheshire 

SW001 17.11 23.96 99.85% nature Suffolk 

SW002 15.59 21.84 99.81% nature Suffolk 

SW006 17.07 23.90 99.85% nature Suffolk 

SW009 15.11 21.15 99.84% nature Suffolk 

SW010 17.74 24.85 99.86% nature Suffolk 

SW011 16.05 22.47 99.84% nature Suffolk 

SW012 18.45 25.83 99.83% nature Suffolk 

SW014 19.33 27.07 99.84% nature Suffolk 

SW015 16.95 23.73 99.85% nature Suffolk 

SW016 15.95 22.33 99.83% nature Suffolk 

SW018 16.72 23.41 99.84% nature Suffolk 

SW021 17.78 24.89 99.84% nature Suffolk 

TA001 14.08 19.71 99.79% nature Merseyside_Cheshire 

TA002 14.98 20.97 99.82% nature Merseyside_Cheshire 

TA003 11.90 16.67 99.85% nature Merseyside_Cheshire 

TA004 14.93 20.90 99.83% nature Merseyside_Cheshire 

TA005 12.15 17.01 99.71% nature Merseyside_Cheshire 

TA006 14.64 20.50 99.83% nature Merseyside_Cheshire 

TA007 10.61 14.86 99.84% nature Merseyside_Cheshire 

TA008 10.21 14.29 99.83% nature Merseyside_Cheshire 

TA010 11.12 15.57 99.84% nature Merseyside_Cheshire 

TA011 12.76 17.87 99.81% nature Merseyside_Cheshire 

TA013 13.64 19.09 99.81% nature Merseyside_Cheshire 

TH002 11.59 16.23 99.85% nature Essex 

TH003 11.48 16.08 99.85% nature Essex 

TH004 12.14 17.00 99.85% nature Essex 

TH005 12.74 17.84 99.85% nature Essex 

TH006 6.16 8.62 99.83% nature Essex 

TH007 10.88 15.23 99.83% nature Essex 

TH008 14.31 20.03 99.85% nature Essex 

TH009 11.55 16.17 99.82% nature Essex 

TH014 12.80 17.93 99.83% nature Essex 

TH015 11.35 15.89 99.86% nature Essex 

Wk001 15.41 21.58 99.82% nature Merseyside_Cheshire 

Wk003 12.18 17.05 99.81% nature Merseyside_Cheshire 

Wk006 14.57 20.40 99.83% nature Merseyside_Cheshire 

WK007 12.17 17.03 99.83% nature Merseyside_Cheshire 

Wk008 14.48 20.28 99.83% nature Merseyside_Cheshire 

Wk012 12.14 17.00 99.81% nature Merseyside_Cheshire 

Wk014 13.39 18.75 99.82% nature Merseyside_Cheshire 

Wk015 13.27 18.58 99.78% nature Merseyside_Cheshire 
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Wk016 13.21 18.50 99.81% nature Merseyside_Cheshire 

Wk018 12.62 17.67 99.80% nature Merseyside_Cheshire 

Wk019 13.43 18.80 99.83% nature Merseyside_Cheshire 

Wk020 11.88 16.63 99.84% nature Merseyside_Cheshire 
Table S9 - Sequencing data generated for the 520 sea beets part of the association studies. 

The depth is calculated as the total amount of data generated through sequencing divided by the mean genome 

size of the 11 assemblies generated in the Chapter II (i.e. 714.182 Mb). The coverage corresponds to the 

percentage of genome covered at least one Jme when the reads are mapped to the Gb_Norfolk_426.  

 

 Max distance = 100 kb Max distance = 1 kb 

 Min r2 Max r2 Min r2 Max r2 

Humberside 0.230176 0.403456 0.2773 0.456674 

Merseyside/Cheshire 0.093179 0.239304 0.135827 0.286283 

Norfolk 0.0849467 0.228722 0.133979 0.266157 

Suffolk/Essex 0.0522637 0.167262 0.0934712 0.211748 

Table S10 - Minimal and maximal r2 values measured in LD analyses. 
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OG0000124 0.00360066 0.00332935 0.00321203 0.00385288 High-mean NBARC-LRR 

OG0000122 0.00418805 0.00438264 0.00504981 0.00554522 High-mean CNL 

OG0000123 0.00520677 0.0084891 0.00856914 0.0074381 High-mean CNL 

OG0000048 0.0276388 0.0151277 0.0218917 0.0243438 High-score CNL 

OG0000043 0.00161126 0.00957335 0.0115617 0.00919506 High-score CNL 

Table S11 - π values of the five associated orthogroups in the four English populations.  
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OG0000124 0.0766724 0.0379032 0.0640597 0.0327105 0.0285576 0.0167171 High-mean 

OG0000122 0.104368 0.0422933 0.0365337 0.0444015 0.0390271 0.0133849 High-mean 

OG0000123 0.102161 0.0649783 0.0235038 0.0425734 0.0707188 0.0529458 High-mean 

OG0000048 0.253334 0.0896839 0.0424885 0.247815 0.170246 0.0598287 High-score 

OG0000043 0.0730697 0.110987 0.0243551 0.0747696 0.045936 0.046636 High-score 

Table S12 - FST values of the five associated orthogroups for pairwise comparisons of four English populations. 


