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Abstract

Infection by beet cyst nematodes (BCN, Heterodera schachtii) causes a serious disease of
sugar beet, and climatic change is expected to improve the conditions for BCN infection. Yield
and yield stability under adverse conditions are among the main breeding objectives.
Breeding of BCN tolerant sugar beet cultivars offering high yield in the presence of the
pathogen is therefore of high relevance. To identify causal genes providing tolerance against
BCN infection, we combined several experimental and bioinformatic approaches. Relevant
genomic regions were detected through mapping-by-sequencing using a segregating F2
population. DNA sequencing of contrasting F2 pools and analyses of allele frequencies for
variant positions identified a single genomic region which confers nematode tolerance. The
genomic interval was confirmed and narrowed down by genotyping with newly developed
molecular markers. To pinpoint the causal genes within the nematode tolerance locus, we
generated long read-based genome sequence assemblies of the tolerant parental breeding
line Strube U2Bv and the susceptible reference line 2320Bv. We analyzed continuous
sequences of the locus with regard to functional gene annotation and differential gene
expression upon BCN infection. A cluster of genes with similarity to the Arabidopsis thaliana
gene encoding nodule inception protein-like protein 7 (NLP7) was identified. Gene expression
analyses confirmed transcriptional activity and revealed clear differences between
susceptible and tolerant genotypes. Our findings provide new insights into the genomic basis
of plant-nematode interactions that can be used to design and accelerate novel management
strategies against BCN.

1 Introduction

Sugar beet is one of the most important crops in the northern hemisphere and contributes
about 20% to world-wide sugar production. The ancestor of cultivated sugar beet is the sea
beet B. vulgaris subsp. maritima. White Silesian Beet, a beet segregating in the F2 from a
cross of fodder beet and chard, provided the narrow genetic base for today's sugar beet

breeding [1]. An intense focus on yield led to a strong domestication bottleneck [2].

Among the economically most important pests of sugar beet (Beta vulgaris subsp. vulgaris)
is the beet cyst nematode (BCN, Heterodera schachtii). The harmful effect of this nematode
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is based on nutrient competition and disturbances in the root system of the host plant, which
lead to severe growth depression and yield reduction up to 60% [3]. The growth conditions
for H. schachtii are expected to improve as a result of global warming during the main
vegetation period, leading to an increased yield risk. The use of pathogen resistant or tolerant
elite varieties contributes significantly to improved sustainability of sugar production through
yield stability. Such varieties address agricultural and social demands on both conventional
and organic sugar beet cultivation. Resistant sugar beet varieties are available on the market,
but they have the disadvantage of penalized yield. On the contrary, nematode-tolerant beet
varieties do not react as strongly with yield depressions when infested with H. schachtii [4]
and therefore represent an economically remunerable trait to breed for. From a genetic point
of view, nematode tolerance is a quantitative resistance that inhibits BCN development [4,5]
in terms of both quantity and quality.

Molecular genetic markers associated with BCN resistance or tolerance are an important step
towards the identification of trait-associated genes [6]. The first known nematode resistance
gene, Hs1P™7 encodes a protein harboring a leucine-rich domain. Hs7P" was introduced
into sugar beet as part of a translocation from the crop wild relative Patellifolia procumbens
[7]. Since then, other trait-associated genomic regions have been identified, including a region
conferring nematode tolerance from sea beet [8]. Stevanato et al. [6] identified a region in the
sea beet genotype WB242 on chromosome 5 (BvmHs'’) and published a molecular marker,
designated SNP192, linked to nematode tolerance. Using segregation analyses, the group
was able to show the monogenic inheritance of the trait. However, the region was not further
defined or described, and variation for the trait nematode tolerance was observed by breeders
although SNP192 was homozygous in the genotypes studied.

To gain gene-level information for traits of interest, genome sequences of accessions
harboring these traits and comprehensive annotations are needed. In combination with
methods like mapping-by-sequencing (MBS), this allows a detailed investigation of
agronomically important regions. With regard to sugar beet, high-quality genome sequences
are available for two different accessions. These are the inbred line EL10 [9] and the
‘reference genotype’ KWS2320 (referred to here as ‘2320Bv’) with the sequence identifier
Refbeet-1.0 [10]. An improved version that, among other data, also incorporates the genetic
map BeetMap-3 [11] is publicly available with the identifier RefBeet-1.5
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89  (https://jbrowse.cebitec.uni-bielefeld.de/RefBeet1.5/). In addition, draft genome assemblies
90 of B. patula and B. vulgaris subsp. maritima WB42 [12] that represent crop wild relatives of
91 sugar beet, are publicly available. No high-quality genome sequence of a BCN tolerant
92 breeding line was available until now, and short read assemblies are not suitable for MBS
93  approaches and subsequent detailed trait locus analysis.

94  Genome sequences and DNA sequence data in general enable sequence comparison to
95 transfer gene function information from one species to another. For example, several
96 Arabidopsis thaliana genes were found to be homologous to the Lotus japonicus gene
97  NODULE INCEPTION [13] encoding the plant-specific transcription factor (TF) LjNIN [14]. A.
98 thaliana NIN-LIKE PROTEIN (NLP) family TFs control nitrate-responsive gene transcription
99  [15]. Among the NLPs is AtNLP7 (At4g24020) which is well described as a major regulator of
100  nitrate signaling [16-20]. Evidence for direct target genes regulated by AtNLP7 has recently
101  been published [16]. NLPs including AtNLP7 contain the sequence-conserved PB1 domain
102  (NCBI domain cd06407; [21]) which mediates protein-protein interactions [22]. These include
103 NLP-NLP interactions as well as interactions between NLPs and other factors [20,23]. Four
104  core amino acid residues within the PB1 domain (K867, D909, D911, and E913) are thought
105 to be required for NLP-NLP interactions [23]. In the context of nitrate response and plant
106  growth, mutants with substitutions of these core amino acid residues require a higher level of
107  expression than wildtype NLP7 [23]. Another highly conserved residue in NLPs is S205 which

108  serves as regulatory phosphorylation site [24].

109 Inthis study, we generated high-continuity genomic resources of the tolerant genotype Strube
110 U2Bv and the susceptible sugar beet reference genotype 2320Bv. MBS of tolerant and
111 susceptible lines to BCN was used together with RNA-Seq data generated from infection
112 experiments. This allowed to further characterize the genomic locus responsible for nematode
113  tolerance (NT) in sugar beet. The data generated will benefit breeding approaches and enable
114  a better control of the yield-diminishing BCN disease.

115
116 2 Results

117 2.1 Generation and phenotyping of a segregating F2 population
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118  The mapping population STR-NT was derived from the nematode susceptible maternal line
119  Strube U1Bv and the tolerant paternal line Strube U2Bv. A total of 406 F2:3 lines segregated
120 for tolerance to BCN with continuous variation. The distribution of adjusted means of
121  quantified tolerance per single plant ranged from -0.105 to 16.835, corresponding to 0 to 280
122 cysts counted per plant (Figure 1A). Twenty tolerant F2:3 lines with low numbers of cysts and
123 16 susceptible F2:3 lines with high number of cysts were identified as extremes of the
124 phenotypic distribution. Analysis of CV suggested no further segregation for NT on these
125 families so that their further investigation was performed through MBS.

126  Adjusted means per line (Figure 1B) were used for QTL mapping together with the genotypic
127 data of 194 KASPar markers. A major QTL with an additive effect corresponding to 11 cysts
128 was detected on the north of chromosome 5 at 10 cM. This QTL explained 23% of the
129  phenotypic variance. The LOD support interval spanned the region from 9 to 13 cM between
130 the new marker BR1180 and SNP192. The tolerant allele was derived from the nematode
131 tolerant parent Strube U2Bv. No dominance effects were detected, heterozygous lines display
132 an intermediate phenotype between tolerant and susceptible lines.
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134  Figure 1: Phenotyping of the population STR-NT segregating for BCN tolerance. A)
135 Histogram of adjusted data of single plants. B) Boxplot of the most tolerant and most

136  susceptible F2-lines represented as families chosen for MBS. Adjusted means of the most

5


https://doi.org/10.1101/2023.06.22.546034
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.22.546034; this version posted June 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

137  tolerant families range from 4.39 to 5.5 corresponding to 19-30 cysts. Adjusted means of the
138  most susceptible families range from 8.14 to 10.08 corresponding to 66-101 cysts.

139  For the MBS approach, the nine most tolerant lines were represented in individual libraries
140 and the eleven ‘second best’ tolerant lines were combined and sequenced in the “pool low”.
141  The opposite phenotypic extreme included 16 susceptible lines. The nine most susceptible
142 lines were used to create individual libraries, whereas the remaining seven lines were
143  combined in the “pool high” and sequenced. For the tolerant lines, a total of 244 Gbp of
144 lllumina reads totaling a calculated 20.4x genome coverage were obtained, whereas for all
145  susceptible lines, 189 Gbp of reads with an estimated genome coverage of 19.8x were
146  reached.

147 2.2 Assembly and annotation of genome sequences of the nematode-tolerant parent
148 Strube U2Bv and the reference genotype 2320Bv

149  High assembly continuity for both, the nematode tolerant parent Strube U2Bv and the
150 susceptible reference genotype 2320Bv, is indicated by the N50 values (Table 1). The
151 assembly sizes of 596 Mbp (U2BvVONT) and 573 Mbp (2320BvONT) exceed the size of
152 RefBeet-1.5 by 29 Mbp and 6 Mbp, respectively. RepeatMasker results indicated that both
153 assemblies have a repeat content of more than 65%.

154  The initial assemblies of Strube U2Bv and 2320Bv prior to the scaffolding process comprised
155 206 and 129 sequences, respectively. In total, 87.0% total bases of U2BvONT, represented
156 by 60 initial contigs, were anchored to nine pseudochromosomes using Beet-Map3 markers,
157 whereas only a slightly higher percentage of bases (88.3%) were genetically anchored in
158 2320BvONT represented by 59 initial contigs. In summary, 1,237 markers anchored the
159 2320BvONT assembly, whereas 1,238 markers anchored the scaffolds in the U2BvONT
160 assembly. A new set of 187 markers was designed based on data for Strube U2Bv and
161  successfully applied to genotyping in the StrUBv F2-population. A subset of 165 markers
162  confirmed the co-linearity of both assemblies and with Beet-Map3 (Additional file S1A).
163  However, these markers did not always allow exact genetic anchoring because of missing
164  information regarding the orientation of contigs, therefore such ambiguous contigs were not
165 placed in the pseudochromosomes.
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Table 1: Assembly statistics of U2BVONT and 2320BvONT v1.0. Assembly size, number

of contigs, N50 values, BUSCO completeness, repeat content, number of predicted

genes, and number of predicted mRNAs are shown.

2320BVONT v1.0

U2BVONT v1.0

Assembly size [bp] | 573,025,584 596,437,702
Sequences 79 155
(9 pseudochromosomes + 70 (9 pseudochromosomes + 146
contigs larger than 100 kb) contigs larger than 100 kb)
N50 [bp] 54,419,778 54,373,962

BUSCOs (n=2326)

C:93.7% [S:92.1%, D:1.6%],

F:3.0%, M:3.3%

C:93.6% [S:92.0%, D:1.6%],

F:3.2%, M:3.2%’

Repeat content 65.21% 65.85%
Number of 27,840 28,871
predicted genes

Number of 36,350 36,728

predicted mRNAs

"Abbreviations: C = Complete, S = Single-copy, D = Duplicated, F = Fragmented, M = Missing

Synteny analysis between 2320BvONT and RefBeet annotations revealed a mRNA-based

synteny of 97.3% (35,363) with a depth of 1 indicating a high similarity. Duplicated mRNAs in
2320BvONT have, in comparison to RefBeet, a proportion of 0.6% (231), and 2.1% (756) of
2320BvONT mRNAs were not found to be syntenic with any RefBeet mRNAs.
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175 Investigation of the synteny between 2320BvONT and U2BvONT showed a 1:1 relation of
176 98.3% (85,721) of all mMRNAs. Duplicated mRNAs in 2320BvONT occur, in comparison to
177  U2BvONT, with 0.6% (200); 1.2% (429) have no syntenic anchor in U2BvONT. Genes without
178 a syntenic counterpart were investigated to identify potential functions not present in the
179  respective other genome. However, BLAST and InterProScan revealed no unique hit in either
180  of the genomes.

181  Several large structural variations differentiate the genomes of 2320BvONT and U2BvONT.
182 In total, 63 Mbp, divided into 88 different regions, are inverted between both genomes. The
183  largest inversion on chromosome 3 (chr3) with a size of approximately 21 Mbp spans almost
184 three contigs. Additionally, more than 3,000 translocations with a combined size of
185 approximately 33 Mbp were identified (Additional file S2A).

186 2.3 NT locus detection through mapping-by-sequencing

187 A total of 2,049,007 variant positions were identified by comparing variants identified as
188  homozygous in both parents and as heterozygous in the F1. The average delta allele
189 frequency (dAF) in 10 SNP windows across all chromosomes is approximately 0.103
190 (£0.079). A dAF > 0.5 in a 10 SNP window was only detected on chr5 (Figure 2A) and on no
191 other chromosome or contig of the U2BVONT assembly. The dAF plots of all nine
192  chromosomes are provided in Additional file S2B. The borders of our locus of interest were
193  restricted by the occurrence of a dAF > 0.5 throughout five consecutive 10 SNP windows.
194  This 50 SNP window delimitation resulted in a genomic interval ranging from position 452,859
195 bp - 4,557,625 bp on chr5 of the U2BvONT assembly.

196  This clear interval of about 4 Mbp from MBS was further restricted using marker analyses on
197 afew extreme F2 genotypes and the established susceptible and tolerant standard lines. The
198  genetic markers MH00/01, BR1180 and additional flanking markers including SNP192
199  enabled, by graphical genotyping of recombination events in the phenotyped lines, a further
200 containment of the NT locus (Additional file S2C). The size was restricted to about 0.7 Mbp
201  with coordinates 1,321,396 — 2,021,946 bp in U2BvONT and 1,389,131 — 2,154,734 bp in
202  2320BvONT. The published marker SNP192 is located further south on chr5 at position
203 2,700,363 bp in U2BVONT and 2,741,678 bp in 2320BvONT (Figure 2B). The sequences of
204  the whole region are continuous in both assemblies.
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206  Figure 2: Boundaries of the NT locus region. A) Delta allele frequency (y-axis) distribution
207  on chr5 of the U2BvONT assembly. Higher dAF, purple color; lower dAF, light blue. The
208 chromosomal position in Mbp is represented on the x-axis. B) Dot plot comparing the NT
209 locus region in U2BvVONT and 2320BvONT. Magenta and purple dots represent high BLAST
210 identity between both genome sequences. The NT locus was further delimited by the genetic
211  markers MHO00/01 and BR1180. Marker SNP192 [6] is linked but located further to the south

212 of the chromosome. The 4-letter codes represent gene IDs (see text).

213 2.4 Characterisation of the NT locus

214  Overall, very high synteny was detected within the marker-restricted NT locus in U2BvONT
215 and 2320BvONT (Figure 2). However, reduced synteny was observed between the genes
216  gfmq and rycp. Within this region, we identified a cluster of genes (Figure 3) with similarity to
217  AINLP7. Analysis of the direct target genes of the AINLP7 TF revealed that genes annotated
218  with ‘response to nematode’ are significantly overrepresented among the targets (Additional
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219 file S1B). Several other terms possibly related to BCN infection, like ‘response to stress’,
220  ‘signal transduction’, and ‘response to other organism’ were found to be overrepresented as
221  well. Therefore, we focused on this region, which is smaller than the marker-restricted NT
222 locus and call it ‘functionally restricted NT locus’.

223 The number of BvNLP7 genes differs in both assemblies. In total, four and three genes are
224 functionally annotated as ‘NLP7’ in the U2BvONT and 2320BvONT genome assembly,
225  respectively. All of them are located within the delimited NT locus (Figure 3, Table 2). A
226  manual check of reading frames in the region of both assemblies revealed no additional
227  NLP7-like sequence.

228
1,321,396 1,521,396 1,721,396 1,921,396 2,021,396
Strube U2Bv %MMMMW»D—)WMW
2320Bv !
1,389,131 1,589,131 e 1,789,131 .J,_,.--»-"'i':sasg,lal 2,089,131
,,,,,,,,,, \0 © (\o @ 6‘9
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2320BV I0—— -8 —— € K3 -
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230  Figure 3: Overview of the NT locus (top) and illustration of the functional restriction of
231 the NT locus (bottom). Each line represents the sequence region between the genes gfmq
232 and rycp for the respective genotype/species (B. vulgaris subsp. vulgaris: U2BvONT (Strube
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233 U2Bv); 2320BvONT (2320Bv); EL10; B. vulgaris subsp. maritima WB42 (Bmar), B. patula
234 BETA548 (Bptu), RefBeet 1.5 (RefBeet)). The grey lines between the sequences indicate
235  synteny. Some lines are highlighted in blue to show synteny between the genes with similarity
236  to AINLP7. Bidirectional sugar transporter SWEET7: gfmq, egca, owpo; Histone H4: pdig,
237  aunc, udai, edia, ptof; BVvNLP7: hany, tlgs, mdsr, rycp, nxxw; other: azip, rfzi, upsq.

238 Table 2: Gene/allele names for the NLP7-like genes. The short name is used for more

239  clarity in the text. T = tolerant genotype (Strube U2Bv); S = susceptible genotype (2320Bv).

Short name Genotype Gene Identifier
NLP7-T1 Strube U2Bv Bv05 g11459 hany.t1
NLP7-T2 Strube U2Bv Bv05 g11464 mdsr.i1
NLP7-T3 Strube U2Bv Bv05 g11461_tlgs.t1
NLP7-T4 Strube U2Bv Bv05_g11465_rycp.t1
NLP7-S1 2320Bv Bv05_g11045_mdsr.t1
NLP7-S2 2320Bv Bv05_g11050_nxxw.t1
NLP7-S3 2320Bv Bv05_g11053_rycp.t1

240

241  The genes with similarity to AtNLP7 were compared in multiple sequence alignments at
242 coding sequence (CDS) and amino acid (aa) sequence level (Additional file S3, Additional file
243 S4, Additional file S5, Additional file S1C).

244  The CDS of NLP7-T4 and NLP7-S3 show an identity of 99.5% (Additional file S1C) with only
245 15 single nucleotide variant positions. At the aa level, these encoded proteins differ only at
246  two amino acid positions, namely isoleucine to valine and asparagine to serine (1878V and
247  N927S in U2BvONT > 2320BvONT). Both conservative exchanges are a result of a single

11
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248  nucleotide variant. Similarly, NLP7-T2 shows CDS identity to NLP7-S1 of 93.49% (Additional
249  file S1C). Due to the high identity, we formally consider these gene structures as allelic. NLP7-

250  SZ2is truncated in comparison to A{NLP7 and codes only for the C-terminal part of the protein.

251  All candidate genes were compared to AtNLP7 via percent identity matrices (Additional file
252 S1C). The comparison was performed for CDS and aa sequences as well as for the PB1
253 domain. The U2BvONT NLP7-like candidate genes show a relatively low sequence identity
254  to AtNLP7 (Additional file S1C, CDS), ranging from 43.2% (NLP7-T2), 44.6% (NLP7-T1), and
255 451% (NLP7-T3) to 63.5% (NLP7-T4). For the three 2320BvONT BvNLP7 genes, the
256  sequence identities are comparable (44% (NLP7-51), 52.6% (NLP7-S2) and 63.5% (NLP7-
257  S3)). The core aa positions of the PB1 domain are completely missing from the sequence of
258 NLP7-T2. K867, D909 and E913 are conserved in all other candidates and D911 is conserved
259 inthe candidates except NLP7-S1 and NLP7-T2. The completely conserved residue S205 as
260  well as the PB1 domain are absent from NLP7-S2 due to its C-terminal truncation. The protein
261  sequences of NLP7-T4 and NLP7-S3 carry S205, and in NLP7-T2, NLP7-T3 and NLP7-S1
262  this position is substituted by threonine (S205T), another polar amino acid and possible

263  phosphorylation site. Only the protein sequence of NLP7-T1 holds a lysine (S205K).

264 2.5 Tolerant and susceptible genotypes show diverse expression of BVNLP7 genes

265 Gene expression was investigated in an infection assay with H. schachtii. A principal
266  component analysis (PCA) was conducted to assess the sample distribution (Additional file
267  S2D). Next, differentially expressed genes (DEGs) were identified. A total number of 2,263
268  genes with a padj < 0.05 was detected to be differentially expressed between all samples of
269 the tolerant and all samples of the susceptible lines (Additional file S1D). Normalized counts
270  were generated for all U2BvONT genes in tolerant (BR12 and Strube U2Bv) and BCN
271  susceptible lines (Strube U1Bv and SUSS). All four BvNLP7 genes are expressed in all
272 genotypes under both conditions. Clear differences are visible for the four BvNLP7 genes. In
273  particular, the two genes NLP7-T1 and NLP7-T2 are significantly lower expressed in both

274  susceptible genotypes compared to both tolerant genotypes.
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Figure 4: Mean normalized counts (n=3) for the BvNLP7 genes. RNA-Seq mappings were
performed against the U2BvONT assembly. Dark grey bars represent inoculated samples,
whereas light grey bars show the counts for non-inoculated samples. BR12 and Strube U2Bv
are tolerant genotypes, whereas Strube U1Bv and SUS3 are susceptible genotypes. A)
NLP7-T1, B) NLP7-T3, C) NLP7-T2, D) NLP7-T4. * = padj < 0.05, ** = padj < 0.01, *** = pad]
< 0.001.

The genes NLP7-T1 and NLP7-T2 are upregulated in tolerant genotypes in comparison to
susceptible genotypes, independent of the inoculation. In addition, all four BvNLP7 genes are

significantly higher expressed in inoculated samples of the most tolerant F2 line BR12 than
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285 in inoculated SUS3 samples (Table 2; Figure 4). Further, both NLP-T1 and NLP-T2 are
286  significantly higher expressed in samples of the inoculated tolerant line U2Bv than in samples

287  of the inoculated susceptible line U1Buv.

288 Table 3: Log: fold change (log2FC) and adjusted p-value (padj) of the expression
289 analysis for all BvNLP7 genes. A positive value for the log2FC indicates higher expression
290 in tolerant genotypes. The comparison ‘all tolerant vs. all susceptible’ involves all samples,

291 inoculated and not inoculated, stratified by the tolerant vs. susceptible genotypes.

Short U2BVvONT gene

. . log2FC | Padj Comparison
name identifier

inoculated tolerant line BR12 vs.
NLP7-T1 | Bv05 g11459 hany.t1 |2.97 2.5e-10 | inoculated susceptible line
SUS3

inoculated tolerant line BR12 vs.
NLP7-T2 | Bv05_g11464 mdsr.t1 | 2.99 2.4e-12 | inoculated susceptible line
SUS3

inoculated tolerant line BR12 vs.
NLP7-T3 | Bv05_g11461_tlgs.t1 0.82 0.027 inoculated susceptible line
SUS3

inoculated tolerant line BR12 vs.
NLP7 -T4 | Bv05_g11465_rycp.t1 | 1.03 6.4e-05 | inoculated susceptible line
SUS3

inoculated tolerant line U2Bv vs.
inoculated susceptible line U1Bv
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inoculated tolerant line U2Bv vs.
NLP7-T2 | Bv05_g11464 mdsr.t1 | 1.29 5.3e-04 | _ _
inoculated susceptible line U1Bv

NLP7-T1 | Bv05_g11459 hany.t1 | 2.34 6.5e-27 | all tolerant vs. all susceptible

NLP7-T2 | Bv05_g11464 mdsr.t1 | 1.708 2.2e-13 | all tolerant vs. all susceptible

292
203 3 Discussion

294  Phenotypic evaluation of the 406 F2:3 families segregating for BCN tolerance, MBS and
295  generation of highly continuous, well annotated genome sequences allowed characterization
296  of the NT locus as well as development of tightly linked molecular markers. This trait region
297 is located further north on chr5 when compared to the published BCN tolerance marker
298 SNP192 [6].

299  The identification of extremes in the BNC tolerance distribution and the continuous variation
300 of cyst numbers per F2 line demonstrated that the STR-NT population as well as the method
301 for BNC tolerance scoring was suitable for the MBS analysis. Variant detection and dAF
302 calculation were aided by the two new long read-based sugar beet genome sequence
303 assemblies of the susceptible genotype 2320Bv and the BNC tolerant line Strube U2Buv.

304 In case of monogenic traits, the difference in allele frequency at the causal gene locus should
305 ideally be 100% and thus have a dAF value of 1. This can be achieved for phenotypic data of
306 traits scored without confounding environmental and/or technical effects. An example is the
307 the REDlocus for sugar beet hypocotyl color which is classified as either “green” or “red” [25].
308 The NT locus shows up in MBS as a single locus in the north of chr5, but the locus reflects a
309 major QTL that independently does not fully explain tolerance to BCN in Strube U2Bv.
310  Therefore, dAF values at the NT locus are expected to be lower than 1.

311  Although a candidate interval on chr5 was already visible in a preliminary analysis when using
312 the initial RefBeet sequence [10], the data quality was substantially improved in the current
313  study. In fact, the new assemblies 2320BvONT and U2BvONT resolve previously collapsed
314  or duplicated regions and offer continuous sequences for the region of interest on chrb.
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315 The B. vulgaris repeat content was previously estimated to be 63% [26]. The new assembly
316 2320BvONT contains a comparable proportion of repeats, whereas RefBeet contains 42.3%
317  of repeats [10]. This indicates that 2320BvONT contains a substantial amount of sequences
318 not present in the RefBeet assembly. The U2BvONT assembly, which displays similarly high
319 quality and represents the first full assembly of a BCN tolerant line, will serve as an additional
320 resource for genome-informed sugar beet breeding.

321  The slightly higher number of genes predicted for the U2BvONT assembly can be explained
322 by the ~20 Mbp larger assembly size. This additional sequence possibly originates from
323  remaining heterozygosity in Strube U2Bv or may be partly explained by a slightly higher
324  repeat content. The ab initio gene prediction for both genome sequences allowed the

325  functional comparison of the delimited NT locus.

326 The genomic region identified by MBS was further restricted by designing genetic markers
327 that do not show recombination with the phenotype on extreme F2 genotypes analyzed
328 together with susceptible and tolerant standard lines (Additional file S2C). This interval spans
329 regions of 0.7 Mbp and 0.76 Mbp in U2BvONT and 2320BvONT, respectively. Since the
330 genome sequence is continuous and colinear in both assemblies at the NT locus, there is no
331 evidence for missing additional sequences.

332  The NT locus shows generally a high synteny between the genome assemblies U2BvONT
333 and 2320BvONT. Within this region, we identified a cluster of genes related to AtINLP7. Within
334  the whole genome sequence, BVNLP7 genes were only found at the NT locus on chr5. In the
335 published ab initio structural annotation of EL10, two additional gene models (compared to
336 the liftoff from the U2BvONT annotation, Figure 3) were predicted. However, both show
337  similarity to histone H4 and are not considered as candidates.

338  Despite the synteny within the target region, four BvNLP7 genes were identified in U2BvONT,
339  but only three in 2320BvONT. The core amino acid residues of the NLP7 PB1 domain, which
340 is relevant for regulatory interactions, are conserved in almost all of the BVNLP7 genes. In
341 the context of nitrate response and plant growth, mutants with substitutions of these core
342 amino acid residues require a higher level of expression than wildtype NLP7 [23]. The fact
343  that nlp7 mutants are associated with increased lateral root density as well as impaired nitrate
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344  assimilation leading to decreased amino acid formation [17] might at least partially explain
345  the trade-off between high yield and resistance against nematodes.

346 To get insights into expression patterns of the BvNLP7 genes, an infection assay was
347 performed. RNA-Seq analysis was used to identify up- and downregulated genes in response
348 to BCN infection (21 dpi). A time course experiment might reveal additional insights into the
349  plants’ defense mechanisms upon infection. However, the performed experiment enabled an
350 in depth, transcriptomic characterization of our BVvNLP7 genes. All four U2BvONT BvNLP7
351 genes are expressed. Expression is significantly higher in inoculated tolerant BR12 samples
352 compared to inoculated susceptible SUS3 standard samples. The genes NLP7-T1and NLP7-
353 T2 are significantly differentially expressed between all samples of tolerant lines and all

354  samples of susceptible lines.

355 Genes directly regulated by the AtINLP7 TF in A. thaliana root cells [16] include several genes
356 encoding transporters, expansins and a WRKY TF (WRKY23) which are involved in
357 nematode-induced syncytia formation. On chr5 of U2BvONT and 2320BvONT, 12 genes
358 were annotated as putative WRKY TFs. Two (Bv05_g11386_pnrz and Bv05_g11531_wmfq)
359 are located close to the NT locus at approximately 1 Mbp up- and downstream of the BvNLP7
360 cluster, respectively. Two additional WRKY23 homologs (Bv05 g14901_ygdi and
361 Bv05_g14902_sogd) were identified on chr5. However, none of these four WRKYs are
362 differentially expressed in the comparisons of all tolerant vs. all susceptible samples or

363 inoculated tolerant line BR12 vs. inoculated susceptible line SUSS.

364 In oilseed rape, BCN resistance was enhanced by gene pyramiding [27]. Homologs of the
365 plant-defense genes addressed by Zhong et al, namely AINPR1/AT1G64280,
366 AtSGT1b/AT4G11260 and AtRAR1/AT5G51700, were identified in U2BvONT. BvNPR1 was
367 detected on chr8 with 58.6% aa identity. Homologs of the other two genes were found on
368 chr3 with 57.7% (BvSGT1b) and 63.6% (BvRART) aa identity. In another recent study, BCN
369 infection phenotypes were characterized in transgenic A. thaliana [28]. A
370  AtSNAP2/AT3G56190 homolog was detected on U2BVONT chr2 (74.9% identity via blastp),
371  a AtSHM(T)4/AT4G13930 homolog on chr3 (89.2% identity) and a AtPR1/AT2G14610
372 homolog on chr9 (58.6% identity). In summary, none of the sugar beet homologs of these six
373 genes which were described to be associated with BCN infection/resistance in these two
374 studies, are located within or next to the NT locus. In addition, these genes are not
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375 differentially expressed when comparing all tolerant vs. all susceptible samples. Therefore,
376  these genes are highly unlikely to be causal for BCN tolerance/resistance.

377 In summary, the presence of one more BvNLP7 (additional) gene in Strube U2Bv as well as
378 the cumulative expression of those genes might explain the BCN tolerance of the genotype
379  Strube U2Bv. Therefore, the BCN tolerance might be based on a ‘gene dosage’ effect.

380
381 4 Conclusion

382 In this study, a trait locus associated with BCN tolerance was identified via mapping-by-
383 sequencing. Two newly generated long read-based genome sequences of the sugar beet
384 reference genotype 2320Bv and the tolerant line Strube U2Bv guided the characterization of
385 the NT locus. Four BvNLP7 genes in U2BvONT are upregulated in tolerant lines as revealed
386 by an infection assay. These four genes, NLP7-T1-4, combined, or a subset thereof, might
387 convey tolerance against the cyst nematode H. schachtii which infects sugar beet and is a
388  serious problem due to yield loss. These results have positive implications for knowledge-
389 based breeding of elite genotypes.

390
391 5 Methods

392 5.1 Plant material and growth conditions

393  The breeding material is a large population of 406 lines descending from a single F1 plant
394  obtained by crossing a highly BCN susceptible line (Strube U1Bv) with a line (Strube U2BV)
395  highly tolerant to H. schachtii. Leaf samples were collected from all F2 plants and frozen at -
396 20 °C until usage. Ten selfed F3 plants per line were grown at a 16 hours light, 8 hours dark
397 cycle at 20-22 °C in the greenhouse, and 4,060 plants were used for evaluating nematode
398 tolerance. Single seedlings were grown in folding boxes that guarantee separation of the root
399 system and all plants were randomized in larger boxes together with tolerant and susceptible
400  H. schachtii breeding material used as checks. A dispenser was used to inoculate each plant
401  with 350 H. schachtii second stage juvenile larvae propagated in the lab of Strube Research.
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402  Five weeks after inoculation, roots of each plant were washed, and cysts were collected and
403  counted under a stereoscope.

404  For RNA-Seq, different BCN tolerant and susceptible lines were used. The susceptible lines
405 were Strube U1Bv and SUSS3, an internal standard line of Strube Research. The tolerant lines
406  were Strube U2Bv and the best performing F2 genotype BR12. All lines were germinated and
407  cultivated in the greenhouse for 11 weeks. Each line was represented by 40 plants. Half of
408 the plants were inoculated with nematodes as described above, the other half was left
409 untreated. All materials were collected 8 weeks after inoculation. The sampling of infected
410  plants was performed by collecting tissue and washing off the cysts, which were then counted
411 under a stereomicroscope. After gentle washing, the shoot was removed and the roots were

412 immediately frozen in liquid nitrogen until RNA extraction.

413  The phenotypic data were analyzed using a mixed model approach [29]. Boxes were treated
414 as random incomplete blocks and the genotypes as fixed. The counted number of cysts (n)

415 was transformed using a square root transformation (m) to meet the assumption of
416  normally distributed residuals required for mixed models. Adjusted means were obtained for
417  each line for QTL mapping. Adjusted single plant data were used to explore within-family
418  variation using the coefficient of variation (CV). A small CV indicates phenotypic homogeneity

419  among individual plants of a line, suggesting no segregation for the trait under study.

420 5.2 QTL detection

421  Together with the genetic linkage map, the adjusted means of the F2:3 families of the STR-
422 NT population were used for QTL mapping. Composite interval mapping (CIM) was employed
423  for QTL detection and a LOD threshold of 3.5 corresponding to an experiment wise type |
424  error rate of 0.05 was determined using 1000 permutation runs. All QTL computations were
425  performed with the software package PLABQTL [30] using an additive and dominant model
426  and a scan of 1 cM interval.

427 5.3 DNA extraction and MBS pool generation

428  Genomic DNA for MBS was extracted from young leaf tissue using the CTAB method [31].
429  The nine most susceptible genotypes were used for individual library preparations, whereas

430 the gDNA from the remaining seven genotypes were equimolarly pooled before library
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431  preparation. For the ‘tolerant’ pool, the gDNA from the nine most tolerant lines was used for
432 individual library preparations, whereas the remaining 11 gDNAs were equimolarly pooled.
433  DNA for short read sequencing and PCR-based marker analysis was extracted from 8 leaf
434 disks with 1 cm diameters using a CTAB-based protocol [31]. High molecular weight DNA for
435  long read ONT sequencing was extracted with a modified CTAB-based protocol as previously
436  described [32].

437 5.4 Short read sequencing for MBS

438 Each single gDNA or gDNA pool was fragmented by sonication using a Bioruptor (Fa.
439  Diagenode). After cleaning the DNAs by AMPureXP Beads (Fa. Beckmann-Coulther), 200 ng
440 of fragmented DNA was used for library preparation with the TruSeq Nano DNA library
441  preparation kit (Fa. lllumina). End-repaired fragments were size selected by AMPureXP
442  Beads to an average size of around 700 bp. After A-tailing and ligation of barcoded adaptors,
443  fragments were enriched by 8 cycles of PCR. The final libraries were quantified using
444  PicoGreen (Fa. Quant-iT) on a FLUOstar plate reader (Fa. BMG labtech) and quality checked
445 by HS-Chip on a 2100 Bioanalyzer (Fa. Agilent Technologies). After pooling of all libraries,
446  sequencing was performed on two 2x250 nt runs on a HiSeq1500 in rapid mode over two
447  lanes using onboard-cluster generation. Processing and demultiplexing of raw data were
448  performed by bcl2fastg. Additional file S2E summarizes the data submitted to ENA.

449 5.5 Short read mapping and variant calling from MBS data

450 The short read WGS data from the phenotypic pools, the parental lines of the mapping
451 population, the F1 plant, and additional standard lines were used to identify small sequence
452  variations within the population and against the susceptible reference genotype 2320Bv. BWA
453  MEM v0.7.13 [33] was applied with the —m option to flag small alignments as secondary to
454  align short reads to the U2BVONT reference sequence. Picard tools v2.5.0
455  (https://broadinstitute.github.io/picard/) and samtools v1.15.1 [34] were used to mark PCR
456  duplicates, sort, and index BAM files. Mappings were filtered with samtools to remove
457  spurious hits, low quality alignments, and reads that are not properly mapped in pairs (-q 30
458 -b -F 0x900 -f 0x2). GATK v3.8 [35] [36] was applied for the detection of small sequence
459  variants as previously described [37]. Sequence variants were filtered to obtain a reduced set
460  with high confidence. The following criteria were applied to select high confidence variants:
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461 (1) variants are homozygous in the parent reads, (2) variants are contrasting between the
462  parents, and (3) variants are heterozygous in the F1 reads. Python scripts developed and
463 applied for filtering are available in the corresponding GitHub repository
464  (https://github.com/bpucker/beetresmabs).

465 5.6 Calculation of delta allele frequencies and interval detection

466  The calculation and analysis of dAFs is generally based on a previously described workflow
467  [38]. The methods are described in detail in Additional file S2F. Figure 3, which represents
468 the comparison of the NT locus, was mostly generated with gggenomes [39].

469 5.7 RNA Extraction, Library Preparation, and Sequencing

470  Plants of the genotypes Strube U2Bv, BR12, Strube U1Bv and SUS3 were grown in the
471  greenhouse and either infected or not infected with H. schachtii as described in 5.1. In total,
472 24 samples (Additional file S2G) including three biological replicates for each condition of the
473  infection experiment were ground separately under liquid nitrogen. Total RNA was extracted
474 from approx. 100 mg tissue using an RNA Isolation Kit (Sigma-Aldrich Spectrum™ Plant Total
475  RNA) according to suppliers’ instructions. Quality control, determination of RIN numbers, and
476  estimation of the concentrations of RNA samples was done on a Bioanalyzer 2100 (Agilent)
477  using RNA Nano 6000 Chips. To construct sequencing libraries according to the Illlumina
478  TruSeq RNA Sample Preparation v2 Guide, 500 ng total RNA per subsample were used.
479  Further steps, like enrichment of poly-A containing mRNA, cDNA synthesis, adapter ligation,
480 PCR enrichment, library quantification, and equimolar pooling, were performed according to
481 Theine et al., 2021 [40]. Single end sequencing of 100 nt was performed on an lllumina
482  NextSeq500.

483 5.8 Genetic markers and linkage mapping

484  Sets of small variants detected by GATK v3.8 [35,36], on the basis of short read mappings of
485  Strube U1Bv, Strube U2Bv, and F1 reads to RefBeet-1.2 [10], were used to design KASPar
486  markers. Only homozygous single nucleotide variants contrasting between the parents and
487  with clear heterozygosity in the F1 were taken forward as clean variants. All variants
488  overlapping with existing markers were excluded. Up to 1000 variants per contig were
489  selected based on the quality of the variant call. A total of 50 bp upstream and downstream,
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490 respectively, were checked for other variants based on a very lenient and unfiltered variant
491 calling. Only marker candidates without any additional variants in these flanking sequences
492  were taken forward. Further, only marker candidates with less than 65% GC content in 100
493  bp of flanking sequence were considered. Finally, marker candidates were preferentially
494  selected on unplaced contigs of RefBeet-1.2 with an upper limit of four candidates per contig.
495  The markers included within the final list were selected based on their position on each

496 chromosome aiming to form a well-distributed marker subset.

497  The linkage map was constructed using KASPar markers and the package R/qtl [41]. The
498 final linkage map comprises a set of 194 SNP markers including SNP192 that coalesced into
499  nine linkage groups. Each group corresponded to one of the nine chromosomes in the haploid
500 sugar beet genome. The average distance between loci was 3 cM except for two markers at
501 the end of chr1 in poor linkage due to distortion. The average number of markers per
502 chromosome was 21. For chr7 and chr9 the number of markers was below average and equal
503 to 15 and 11, respectively.

504 5.9 ONT sequencing and ONT assembly

505 ONT long-read sequencing was performed on a GridlON. The initial assembly was generated
506  with Canu and further processed. The exact methodology is described in Additional file S2F,
507 and Additional file S2E summarizes the data submitted to ENA.

508 5.10 Gene prediction and functional annotation

509  After repeat masking, hint-based gene prediction was performed mainly with BRAKER2. All
510 predicted genes were subsequently functionally annotated. The methodology for structural
511 and functional annotation with BRAKERZ2 is described in detail in Additional file S2F.

512  5.11 Differential gene expression analysis

513  The generated RNA-Seq reads were mapped to the U2BvONT genome sequence using
514 STAR v2.7.6a (Linux_x86_64_static/STARIong --runThreadN 8 --genomeDir /dir/ --
515  limitBAMsortRAM 32000000000 --outBAMsortingThreadN 4  --outSAMtype BAM
516  SortedByCoordinate --outFileNamePrefix /01 --readFilesCommand gunzip -c --readFilesin
517 01.fastq.gz) [42]. FeatureCounts v2.0.0 [43] was used to quantify annotated genes in the
518 U2BvONT GFF file (-T 8 -t gene -a annotation.gff -0 readcounts_allbams.txt *.bam).
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519 Downstream analysis was performed using the R package DESeq2 v1.26.0 [44]. A variance
520 stabilizing transformation was conducted. A principal component analysis (PCA) for all
521 samples of the infection assay (Additional file S2D) was generated using prcomp (stats-
522 package v3.6.3 [45]. and ggplot2 v3.3.5 [46]. Significantly differentially expressed genes
523  between i) all tolerant vs. all susceptible samples and ii) between inoculated SUS3 and
524  inoculated BR12 samples, were extracted based on an adjusted p-value < 0.05.

525 5.12 Rearrangement and synteny analyses

526  Synteny analyses between 2320BvONT and U2BvONT as well as 2320BvONT and RefBeet
527  were performed using JCVI MCscan v1.2.4 [47]. Unanchored mRNAs were compared for
528 unique functions using BLAST v2.13.0 [48] and InterProScan v5.52 [49]. Structural
529 rearrangements were identified with SyRI v1.4 [50].

530 5.13 Comparison of BVvNLP7 genes

531 Alist of direct targets of the AtNLP7 TF has been published recently [16]. To assess a possible
532 role of NPL7 gene(s) in BCN tolerance, these targets were functionally investigated by
533  overrepresentation analysis of GO terms using PANTHER v17.0 [51]. Additionally, the
534 sequences were directly compared via MAFFT v7.487 [52] alignments and manual
535  inspection.
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