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Abstract

Beet yellows virus (BYV), one of the causal agents of virus yellows (VY) disease in sugar
beet (Beta vulgaris subsp. vulgaris), induces economically important damage to the sugar
production in Europe. In the absence of effective natural resistance traits, a deeper under-
standing of molecular reactions in plants to virus infection is required. In this study, the tran-
scriptional modifications in a BYV susceptible sugar beet genotype following aphid-
mediated inoculation on mature leaves were studied at three early infection stages [6, 24
and 72 hours post inoculation (hpi)] using RNA sequencing libraries. On average, 93% of
the transcripts could be mapped to the B. vulgaris reference genome RefBeet-1.2.2. In total,
588 differentially expressed genes (DEGs) were identified across the three infection stages.
Of these, 370 were up- regulated and 218 down-regulated when individually compared to
mock-aphid inoculated leaf samples at the same time point, thereby eliminating the effect of
aphid feeding itself. Using MapMan ontology for categorisation of sugar beet transcripts,
early differential gene expression identified importance of the BIN categories “enzyme clas-
sification”, “RNA biosynthesis”, “cell wall organisation” and “phytohormone action”. A partic-
ularly high transcriptional change was found for diverse transcription factors, cell wall
regulating proteins, signalling peptides and transporter proteins. 28 DEGs being important
in “nutrient uptake”, “lipid metabolism”, “phytohormone action”, “protein homeostasis” and
“solute transport”, were represented at more than one infection stage. The RT-gPCR valida-
tion of thirteen selected transcripts confirmed that BYV is down-regulating chloroplast-
related genes 72 hpi, putatively already paving the way for the induction of yellowing symp-
toms characteristic for the disease. Our study provides deeper insight into the early interac-
tion between BYV and the economically important crop plant sugar beet and opens up the
possibility of using the knowledge of identified proviral plant factors as well as plant defense-
related factors for resistance breeding.
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1. Introduction

One of the economically most important viral diseases in European sugar beet (Beta vulgaris
subsp. vulgaris) cultivation is the virus yellows (VY) disease, which is caused by a complex of
different aphid-transmissible virus species. Beet yellows virus (BYV), beet mild yellowing virus
(BMYV) and beet chlorosis virus (BChV) are most common, while beet mosaic virus (BtMV)
has a minor role [1].

Beet yellows virus (BYV), type member of the genus Closterovirus in the family Closteroviri-
dae, is considered the most devastating pathogen of the YV complex posing a serious threat to
sugar beet production and causing yield losses of up to 47% depending on environmental con-
ditions and timing of the infection [2]. In addition to leaf yellowing, typical BYV symptoms
are reddish or brownish necrotic spots [1, 3], making this virus well distinguishable from the
other sugar beet yellowing viruses in early stages of the disease. The molecular mechanism by
which BYV induces symptoms and subsequently reduces root yield and sugar content is still
unknown. However, it has been shown that reduced green leaf cover in infected crops leads to
a decrease in net photosynthetic rate, restricting sugar beet growth [4]. Moreover, infected
plants have smaller leaves and less leaf area compared to healthy plants [3]. BYV is mainly
restricted to the phloem, thus virus particles can be found in both parenchyma cells and
mature sieve elements. However, the phloem-limitation is incomplete as virions were also
detected in vein neighbouring mesophyll cells [5]. The virus can be transmitted to more than
150 plant species, most prominently sugar beet, table beet, Swiss chard and spinach, by the
principle insect vectors, namely the green peach aphid (Myzus persicae Sulzer) and the black
bean aphid (Aphis fabae Scopoli), in a semipersistent manner [6-10]. BYV is a filamentous
positive-sense single-stranded RNA (ssRNA) virus with a large monopartite genome of
approximately 15.5 kb containing nine open reading frames (ORFs) with unique molecular
organisation and particle structure [8, 11-14].

VY is currently controlled by growing practices and by the application of foliar insecticides
directed against the aphid vector. Nevertheless, these practices are not as effective as the previ-
ously used neonicotinoide seed treatment, which was banned in 2018. Cultivars with effective
resistance against BYV, BMYV or BChV are not yet available on the market, although breeding
efforts have been made in Europe since 1944 to identify resistance against VY, and especially
BYV [15]. Quantitative trait loci (QTLs) mapped on chromosomes III, V and VI were reported
for BYV [16] as well as a locus controlling vein-clearing symptoms of BYV infection mapped
to chromosome IV [17]. A similar breeding program initiated in California in 1955 resulted in
two sugar beet hybrids for commercial use. However, these hybrids turned out to be only mod-
erately BYV resistant, and were more effected by aphid probing behaviour and by infestation
pressure [15]. Thus, this type of resistance is not sufficient to control the disease.

A crucial step to identify putative breeding targets is a better molecular understanding of
the compatible interaction between the virus and its host plant. In plant-virus interactions,
host factors can have antiviral (in tolerant/resistant genotypes) or proviral activities (in suscep-
tible genotypes) [18]. Host factors with proviral activity have been identified for all stages of
the virus infection cycle: viral RNA translation, viral replication, accumulation, virus move-
ment, and virion assembly. These so-called susceptibility factors could be targets for generating
resistance to plant viruses [18].

Since the release of the sugar beet genomic information [19] and the availability of afford-
able RNA next generation sequencing (NGS), the expression of differentially regulated genes
being active during virus infection in plants can be functionally described [20]. Examples in
the literature dealing with the production of RNA sequencing (RNA-Seq) transcript libraries
and their use to study gene expression induced by altering environmental conditions [21] are
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already available for other plant-virus interactions covering important crop diseases. Only a
few of these studies focus on gene deregulation at the very early stages of infection, and the use
of the natural vector for virus transmission to depict the natural initial infection. The early
infection phase is therefore important, as it lays the foundation for successful virus establish-
ment. To identify putative breeding targets, it is important to understand which plant genes/
proteins favour or are responsible for the replication and spread of the virus during the com-
patible interaction.

The response of B. vulgaris to beet necrotic yellow vein virus (BNYVV), transmitted by the
plasmodiophorid Polymyxa betae, was published recently [22-25]. The transcriptional
response of aphid-transmitted viruses has not yet been investigated in B. vulgaris. To the best
of our knowledge, host factors involved in the BY V-sugar beet interaction are still unknown.

By investigating early stages of BYV infection, our study contributes to understand which
host genes may act proviral during viral establishment in the plant cell to understand how the
initiation of virus infection might be prevented. By using RNA-Seq transcript information
from the response induced by natural aphid-mediated transmission of BYV in a susceptible
sugar beet genotype, we identified potential susceptibility factors in plants critical to the early
BYV-sugar beet interaction. These findings will be fundamental to support and accelerate
breeding processes by identifying natural variation in plant factors that lead to incompatibility
between sugar beet and BYV. Moreover, the genes identified are potential targets for novel
precision breeding techniques, such as CRISPR/Cas, to support breeding for VY resistance in
sugar beet in the near future.

2. Materials and methods

2.1 Plant, virus and vector source, inoculation and sampling

A BYV susceptible sugar beet genotype was supplied by SESVanderHave (SV79). The natural
BYV isolate (supplied by Mark Stevens, BBRO UK) was maintained on sugar beet cv. Vasco
(SESVanderHave, Tienen), serving as virus source plant. A healthy aphid population of Myzus
persicae (supplied by the Institute of Horticultural Production Systems, Department Phytome-
dicine, Leibniz University Hannover) was reared on healthy sugar beet cv. Vasco. SV79 seeds
were sown in peat soil and seedlings were transplanted to individual pots 7 days after germina-
tion. Plants were cultivated at (22-25 ° C, humidity 75-85%, photoperiod of 16/8 h light/dark,
daily watering, and nutrient supply via universal fertilizer every two weeks). Fourteen days
after transplanting (4-6 leaf stage), two leaves per plant and in each treatment a total of 24
plants were inoculated either with BYV-viruliferous (BYV-inoculation) or with healthy M. per-
sicae (mock-inoculation). For virus acquisition, healthy aphids were allowed to feed on the
source plant for three days. For virus inoculation, five wingless aphids per leaf were used and
the leaf was covered with an organza bag tied at the stem to prevent aphid escape. For the
mock-control, aphids that had fed on a healthy sugar beet for three days, were transferred to
the test plant. Leaf samples were taken at 6, 24 and 72 hours post inoculation (hpi) in four rep-
licates per treatment. One leaf per plant was cut off, organza bags removed, and a 100 mg piece
of leaf was excised at the aphid feeding position (point of initial infection), which was subse-
quently eliminated by hand. The leaf piece was put into a 2 mL tube (Eppendorf SE, Ham-
burg), immediately frozen in liquid nitrogen and stored at—70°C until further processing. The
second organza bag was removed after the final sampling time point, and all plants were
treated with the systemic insecticide Teppeki (Belchim Crop Protection Deutschland GmbH,
Burgdorf) and observed for further six weeks for symptom documentation and virus detection
by DAS-ELISA [26] using BYV specific antibodies and protocols provided by the manufac-
turer (DSMZ, Braunschweig).
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2.2 RNA extraction and sequencing

100 mg leaf tissue was ground to fine powder in liquid nitrogen in the 2 mL tube using a pistil.
Total RNA was extracted using the Direct-zol™ RNA Miniprep Kit (Zymo Research Europe
GmbH, Freiburg) according to the manufacturer’s instructions. RNA was checked for quantity
and quality using a spectrophotometer (DeNovix DS-11, Wilmington) and gel electrophoresis.
20 uL (> 20 ng/ pL, OD260/280 > 2.0; 0D260/230 > 2.0) before transcriptome sequencing.
The remaining RNA was stored at—70°C for further RT-PCR and RT-qPCR analysis. A com-
mercial sequencing service (Novogene (UK) Company Limited, Cambridge) prepared cDNA
libraries after eukaryotic mRNA library poly A enrichment. Library quality was controlled
prior to sequencing with the NovaSeq PE150 sequencing platform (Illumina High Throughput
Sequencing, 9 G of raw data per sample). After data quality control, sequencing results were
delivered.

2.3 Transcriptome analysis and figure preparation

For comparative transcriptome data analysis, CLC Genomics workbench (Qiagen, Aarhus)
was used. Data from each of the four replicates per treatment (BYV-inoculated and mock-
inoculated) were mapped to the sugar beet reference genome RefBeet-1.2.2. A principal com-
ponent analysis (PCA) was performed to check for clustering of replicate samples. Subse-
quently, the BYV- and mock-inoculated treatments at 6, 24 and 72 hpi were compared to
generate a list of differentially expressed genes (DEGs). Genes with a minimum fold change of
1.5, and false discovery rate (FDR) adjusted p- values below 0.05 were classified as significantly
expressed genes. For further analysis, MapMan application (MapMan 3.6.0RC1, hosted at For-
schungszentrum Jiilich), which was designed to cover plant-specific pathways and processes
was used [27, 28]. Therefore, a table was prepared containing all log, fold change data of the
DEGs at the different infection stages according to 1) FDR- adjusted p- value < 0.05 and 2)
fold changes > 1.5. Data were assigned "0" if not significant and "X" if not available. A refer-
ence mapping file for B. vulgaris was downloaded from https://mapman.gabipd.org/
mapmanstore and imported into MapMan to perform Venn diagram generation, gene annota-
tion and gene category analysis. Figures and statistics were generated with CLC Genomics
Workbench, R (version 4.2.0, R Foundation for Statistical Computing, Vienna), and Microsoft
Excel (Microsoft Corporation, Redmond).

2.4 RT-PCR and RT-qPCR

The backup RNA samples were used for cDNA-synthesis (300 ng RNA) using SuperScript™ IV
Reverse Transcriptase (Thermo Fisher Scientific Inc., Waltham) according to the manufactur-
er’s instructions. Virus detection was performed for BYV- and mock-inoculated samples for
all time points and replicates using BYV specific primers BYV -s3 5 '"GTTAACACAGTTACTA
AGGTTCCA  3and BYV -as2 5 "'TGGAGGTATACCAAAGGAAGTTCA’ 3 based on GenBank
accession no. NC_001598 (personal communication Wulf Menzel, DSMZ, Braunschweig).
The expression of thirteen B. vulgaris genes was measured by RT-qPCR to validate the tran-
scriptomic data. The genes were manually selected to cover the range of up- and down regu-
lated genes at either one or more than one time point, focusing partly on chloroplast-related
genes. Primers for target genes (S1 Table) were designed using Primer-BLAST. Sugar beet
glyceraldehyde-3-phosphate-dehydrogenase and elongation factor 2 were used as reference
genes. To show that expression deregulation is RNA sample independent, another set of leaf
samples from the same experiment was used. Total RNA was extracted from four different bio-
logical replicates as described above, and 300 ng of total RNA was reverse transcribed into
c¢DNA. The cDNA was diluted 1:9 in water prior to its application in RT-qPCR. The reaction
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was set up in 20 puL volume containing 2x iTaq Universal SYBR Supermix (BioRad, Feld-
kirchen, Germany), 400 nM of each primer and 2 uL cDNA. The RT-qPCR was carried out in
the CFX96 Real Time System C1000 Touch Thermal Cycler (Bio-Rad, Feldkirchen, Germany).
The reaction was set with initial denaturation at 95°C for 3 min. followed by 40 cycles at 95 °C
for 30s, 58 °C for 20 s, 72 °C for 30 s, and final extension at 72 °C for 5 min. Each biological
sample was analysed in two technical replicates. Data normalization and calculation of relative
expression values was done using the 2-AACt method [29].

3. Results
3.1 Bioassay

After the final leaf sampling for RNA-Seq at 72 hpi, plants were further cultivated in a climate
chamber and rated for symptom expression. All the BYV-inoculated plants developed typical
symptom expression, namely yellowing on the leaf tip or margins and reddish necrotic spots
two to three weeks after inoculation. Leaves of mock-inoculated plants stayed healthy and
green (Fig 1). DAS-ELISA test showed that 100% (24/24) of the BYV-inoculated plants were
infected, while no absorbance (OD at 405 nm) was measured in samples of the mock-inocu-
lated plants. Virus detection was performed for all RNA/cDNA samples used for gene expres-
sion validation in RT-qPCR by using RT-PCR. BYV was not detectable in 6 and 24 hpi
samples. For 72 hpi samples, the detection signal of BYV was very low and not measurable in
all the four sample replicates (S1 and S2 Figs).

3.2 Sequencing statistics, Principal Component Analysis (PCA)

Between 59 and 98 million raw reads of good quality (filtered reads after data quality analysis
were > 98%) were obtained for the 24 RNA samples that were sequenced. 92-95% of the fil-
tered raw reads could be mapped in pairs to the sugar beet reference genome RefBeet-1.2.2
(Table 1) covering approximately 97% of the 26,569 genes and 28,721 transcripts, respectively.
Reads mapped in broken pairs ranged from 3.87 to 5.87%. Reads that could not be mapped
were detected at low percentage (1.06-2.85%) (S2 Table). The PCA of the 24 samples, proved
that samples combined into principal clusters, showing similarities between the sample repli-
cates, and distinguishing inoculation treatments and sampling time points (Fig 2). The inocu-
lation treatments (mock-inoculated and BYV-inoculated) differed from each other. The
difference became even greater when different time points (6, 24, 72 hpi) were compared.
Only at 24 hpi, there were sample overlaps between two clusters.

3.3 Establishment of DEG lists, Volcano plotting

For each of the samples collected at 6, 24 and 72 hpi, a comparative transcriptome analysis was
performed, comparing the BYV-inoculation treatment with the respective mock-inoculation
treatment to eliminate the effects of aphid feeding and to filter out the effects of early virus
infection. Considering a minimum fold change of 1.5, and FDR- adjusted p- values below 0.05,
588 (equates to ~ 2%) differentially expressed genes (DEGs) were identified from a total of
28,668 genes. On average, 21,477 genes (~ 75%) were not significantly regulated, and data
were not available for an average of 6.995 (~ 24%). At 6 hpi, 226 genes (0.79%) were differen-
tially regulated, of which 134 were up- and 92 down-regulated. At 24 hpi, 187 DEGs (0.65%)
were identified, 174 genes were up- and 13 were down-regulated. At 72 hpi, 175 DEGs (0.61%)
were identified, of which 62 were up- and 113 down-regulated (Table 2). The distribution of
significantly and not significantly deregulated genes for all time points is summarized in a Vol-
cano plot (Fig 3A). Fig 3B shows the development over time of the early infection phases and
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BYV-inoculated

mock-inoculated

Fig 1. Beet yellows virus (BYV) induced symptoms in B. vulgaris cultivar SV79 three and six weeks after aphid
inoculation (wpi) compared to mock-inoculated SV79 sugar beet plants.

https://doi.org/10.1371/journal.pone.0311368.g001
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Table 1. Summary of raw Illumina sequencing reads after sequence quality check, raw data filtering, and alignment of the reads to the B. vulgaris reference genome

RefBeet-1.2.2 for beet yellows virus (BYV)-inoculated and mock (healthy aphids)-inoculated sugar beet leaf samples.

Inoculation Sampling [hours post inoculation] Replicate

BYV 6

24

72

Mock (healthy aphids) 6

24

72

https://doi.org/10.1371/journal.pone.0311368.t001

1

W = R N = R RN =R W = R W N =R W N

Raw reads
59,323,324
68,364,946
83,679,302
76,257,018
60,113,316
60,715,156
71,679,552
76,398,520
61,247,066
60,696,002
61,905,044
61,297,456
98,398,464
64,809,156
71,906,642
86,923,492
69,106,250
74,626,200
64,873,444
62,250,144
74,606,374
62,993,452
63,519,148
70,460,896

Filtered reads [%]
99.19
99.22
99.34
99.34
99.26
99.28
99.34
99.24
99.00
99.10
99.18
99.12
99.35
99.29
99.34
99.29
99.11
99.18
98.90
99.06
99.05
98.95
98.66
98.96

Reads mapped in pairs to B. vulgaris [%]

93.35
93.21
94.27
95.07
94.24
93.38
93.87
93.7

92.8

92.8

93.21
92.92
94.69
94.68
94.17
93.62
93.07
93.92
93.65
92.28
93.34
92.72
92.64
92.1

shows that there was a reversal in the up- and down-regulated genes at 6 hpi and 72 hpi. While
the genes at 6 hpi are regularly divided between up- and down-regulated genes, at 24 hpi, up-
regulated genes clearly dominated, while at 72 hpi there was a shift towards down-regulated

genes.

3.4 Venn diagram analysis

A Venn diagram was created using MapMan comparing the different stages of BYV infection
to identify matches (Fig 3C).
In total, 28 common genes were identified. Between 6 and 24 hpi, six identical DEGs were
identified, of which four were similarly up-regulated, and the remaining two were down- regu-
lated. None of them was significantly regulated at 72 hpi. Between 6 and 72 hpi, twenty identi-

cal DEGs were identified, only one of which was similarly regulated (down-regulation), the

majority of the DEGs (15) showed up-regulation at 6 hpi and down-regulation at 72 hpi. Four
DEGs showed down-regulation at 6 hpi and subsequent up-regulation at 72 hpi. None of these
DEGs were significantly regulated at 24 hpi. Only two DEGs were identified by comparing 24
and 72 hpi. One gene was down-regulated at both time points and the other one was up-regu-
lated at 24 hpi and down-regulated at 72 hpi. There were no genes that were differentially regu-

lated at all three infection stages (Fig 4).

PLOS ONE | https://doi.org/10.1371/journal.pone.0311368 October 1, 2024

7/24


https://doi.org/10.1371/journal.pone.0311368.t001
https://doi.org/10.1371/journal.pone.0311368

PLOS ONE Beet yellows virus infection and gene deregulation in sugar beet

& e
4 N W R @ N ® © O o

o © © &6 © © © ©o © o o o

TR IR FERTI SRRTE FRATE FRARE FRRTE ERENE ARRNE AANTY FARE] FRRNE FRANE FRNARE ENRNE SRNNE FENRY FANTY FRURNE FRANE ARARE FARNY SRR N

Principal component 2 (12.3%)

Inoculation variant

o
o

©
o

mock-inoc. 6 hpi
mock-inoc. 24 hpi

® mock-inoc. 72 hpi

e BYV-inoc. 6 hpi

e BYV-inoc. 24 hpi
BYV-inoc.72 hpi

L s s e e e L B s s e e s B L B e s e e |

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180

Principal component 1 (27.2%)

o
=]
=]

'
-k
=
o

-120

Fig 2. Principal component analysis (PCA) showing clustering of inoculation treatment replicates (n = 4). Light green = mock-inoculated, 6 hours
post inoculation (hpi); dark green = BY V-inoculated, 6 hpi; purple = mock-inoculated, 24 hpi; blue = BY V-inoculated, 24 hpi; red = mock-inoculated,
72 hpi; yellow = BYV-inoculated 72 hpi.

https://doi.org/10.1371/journal.pone.0311368.9g002

3.5 DEG categorisation

MapMan major functional categories called "BINs" are rooted into 31 main classes, which are
subdivided in subBINs to describe not only the main processes in plants, but also direct assign-
ments to genes with known functions. The DEG list from the three early infection stages was

Table 2. Number of differentially expressed genes (DEGs) up- and down-regulated at 6, 24 and 72 hours post
inoculation (hpi) following aphid-mediated BYV inoculation in sugar beet.

time point [hpi] no. of DEGs
Total Up Down
6 226 134 92
24 187 174 13
72 175 62 113
Total 588 370 218

https://doi.org/10.1371/journal.pone.0311368.t1002
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Fig 3. Distribution of differentially expressed genes (DEGs) after BYV infection in sugar beet summarized for all three sampling time points [6, 24 and
72 hours post inoculation (hpi)] shown by the logarithmic representation of p-value and log, fold change using a Volcano plot (A). Boxplots of the log,
fold change of DEGs over time at 6, 24, and 72 hpi) (B). Venn diagram analysis comparing DEGs at 6 hpi (green circle), 24 hpi (blue circle), and 72 hpi
(red circle) at threshold 0.0. Circle interfaces show, which genes are differentially expressed at two or more of the early infection stages (C).

https://doi.org/10.1371/journal.pone.0311368.9g003

used to assign them to these BINs. Enriched categories could be obtained but also very specific
protein functions, if available in the databases used (mercator, prot-scriber, swiss-Prot). Fig 5
summarizes DEG categorisation into the main BINs at 6, 24 and 72 hpi and combined for all
time points, showing the distribution of up- and down-regulated DEGs within the different
categories. S3 Table shows the exact numbers of DEGs for each time point assigned to the spe-
cific BIN category with up- and down-regulated numbers.
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For all DEGs, both individually and commonly regulated, the largest proportion of DEGs
were in the BIN category “not assigned” (43% and 29%, respectively). Not assigned DEGs were
then excluded from the analysis to unravel the most enriched BIN categories with known fea-
tures. When data from all sampling time points were combined, 29 of the 31 BIN categories
were covered. Considering only the commonly regulated DEGs were considered, 15 of the 31
BINs were covered. Fig 6 shows the percentage of enriched categories (excluding “not
assigned”) for the individual and for the combined time points.

The top three BIN categories for all infection stages were: “enzyme classification” (13%),
“RNA biosynthesis” (10%) and “cell wall organisation” and “phytohormone action” with 9%
each. At 6 hpi, DEGs were assigned to 24 different BIN categories, the top three being “enzyme
classification” (14%), “RNA biosynthesis” (12%), and “solute transport” (10%). The “enzyme
classification” category mainly included oxidoreductases (e.g. cytochrome p450 CYP736A12,
ferredoxin nadp reductase isozyme 1, chloroplastic) and glycosyltransferases (e.g xyloglucan
endotransglucosylase hydrolase, alpha trehalose phosphate synthase), which were mainly
down-regulated. The “RNA biosynthesis” category included transcription factors of DOG-,
bHLH-, and ERF-X-type, which were down-regulated and MYB class transcription factors,
which were up-regulated. The “solute transport” category included balanced up- and down-
regulation with the ABCG and UmamiT (WAT1-related protein) solute transporter down-reg-
ulated and the anion transporter and abscisic acid transporter (NRT1/PTR) genes up-
regulated.

At 24 hpi, DEGs were assigned to 20 BIN categories, of which 17% were assigned to “cell
wall organisation” and “enzyme classification”, 8% to “RNA biosynthesis” and 7% to “protein
modification” and “protein homeostasis”, respectively. The “cell wall organisation” category
included proteins involved in cellulose modifications (endo-1,4-beta-glucanase), hemicellulose
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biosynthesis (mannan synthase), pectin modifications (pectinesterase, beta-galactosidase, pec-
tate lyase), expansin activities and lignin, cutin and suberin biosynthesis (lignin peroxidase,
cutin synthase), which were consensually highly up-regulated. The BIN category “enzyme clas-
sification” included oxidoreductases, acyltransferases, glycosyltransferase, glycosylases, all of
which were up-regulated, except a prolyl endopeptidase, which was significantly down-regu-
lated. The “RNA biosynthesis” category included several different transcription factors of the
GATA, GRAS-type, zf-HD-type, and AP2-type, which were highly up-regulated except for a
transcription factor of the BBX class-V (B-box zinc finger protein 32), which was down-regu-
lated. The “protein modification” category included proteins like extensin protein kinases,
LRR-III protein kinases, and for “protein homeostasis” ubiquitin ligase, proteases and protease
inhibitors (PR6), all of which were all highly up-regulated, except for PR6, which was highly
down-regulated.

At 72 hpi, DEGs covered 21 BIN categories, of which 13% were assigned to “phytohormone
action”, 11% to “protein homeostasis” and “solute transport” and 9% to “RNA biosynthesis”.
While “phytohormone action” is described in more detail in the next chapter, because of its
particular importance in plant defense, “protein homeostasis” and “solute transport” related
genes are mentioned here: proteins with chaperone activity (Hsp70, class-C-I small heat-
shock-responsive protein; down-regulated), of the ubiquitin-proteasome system (ubiquitin
ligase, up- or down-regulated) and protein storage function (Vicilin class-I seed storage pro-
tein/antimicrobial peptide, down-regulated) were identified. In the “solute transport” category,
anion transporter (NRT1/PTR) were consistently down-regulated, as well as a potassium cat-
ion transporter (HAK/KUP/KT) and a fluoride anion export channel (FEX), while there was a
highly up-regulation for the solute transporter UmamiT (WAT1-related protein).

Spearman rank correlations of the categories were close between 24 and 72 hpi (rank corre-
lation coefficient p = 0.76, p-value = 7.4508E-07), followed by 6 and 24 hpi (p = 0.68, p-
value = 2.3772E-05) and 6 and 72 hpi (p = 0.65, p-value = 7.90986E-05), indicating that similar
categories or genes were deregulated at early infection stages.

For the common DEGs, the top three categories were: “nutrient uptake” (15%), “lipid
metabolism” (10%) and “phytohormone action” as well as “protein homeostasis” and “solute
transport” (all 10%).

Between 6 and 24 hpi, two of the six commonly differentially regulated genes were in the
“not assigned” category (one down-regulated at 6 and up-regulated at 24 hpi; one up-regulated
at both time points). The remaining four genes were all up-regulated at both time points and
were related to the BIN categories “phytohormone action” (neoxanthin cleavage protein), “sec-
ondary metabolism” (flavonol synthase FLS), “cell wall organisation” (coniferin beta-glucosi-
dase) and “protein homeostasis” (PR6 protease inhibitor).

Between 24 and 72 hpi, two commonly regulated genes were found, one of which could not
be assigned but was highly up-regulated at 24 and down-regulated at 72 hpi, and the other
gene could be assigned to “protein homeostasis” (PR6 protease inhibitor, down-regulated at
both time points).

The largest group of commonly regulated genes was identified between 6 and 72 hpi, of
which the largest group was “nutrient uptake” with genes up-regulated at 6 and down-regu-
lated at 72 hpi (regulatory protein LSU of sulfate homeostasis, 5°-adenylylsulfate reductase 1,
chloroplastic, ferric reduction oxidase 7, chloroplastic). Genes of the BINs “multi-process reg-
ulation” (MAP3K-RAF protein kinase), “RNA biosynthesis” (ethylene-responsive transcrip-
tion factor WRI1), “phytohormone action” (GASA precursor polypeptide) and “lipid
metabolism” (sterol 3-beta-glucosyltransferase) were down-regulated at 6 hpi and up-regu-
lated at 72 hpi. Eight other genes were up-regulated at 6 hpi and down-regulated at 72 hpi
belonging to “external stimuli response” (gravity signalling transcription factor SCR),
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“cytoskeleton organisation” (plastid movement impaired 1), “solute transport” (aquaporin
PIP2-1), “photosynthesis” (alpha carbonic anhydrase 1, chloroplastic), “amino acid metabo-
lism” (tyrosine aminotransferase TAT), “lipid metabolism” (fatty acid desaturase 4, chloroplas-
tic), “carbohydrate metabolism” (trehalose-6-phosphate phosphatase) and “solute transport”
(solute transporter AAAP). Four genes that could be not assigned to a specific BIN were up-
regulated at 6 and down-regulated at 72 hpi. One unassigned gene which might act as antiviral
protein (swiss-prot annotation) was down-regulated at both time points. The classification
and distribution of all identified common DEGs in the various BIN categories is summarised
in Fig 7. A detailed listing is given in S4 Table.

3.6 BYV effect on phytohormone deregulation

The phytohormone pathway and signaling-related genes were most enriched in our 72 hpi
dataset. Salicylic acid (SA), jasmonic acid (JA) and ethylene (Et) are primarily involved in
defense mechanisms, with contributions from Auxin (Aux), gibberellins (GA) cytokinins
(CK), and abscisic acid (ABA) [30]. The SA and ET pathways were not found to be deregulated
in the early BYV infection phase. However, the JA-related gene jasmonic acid oxidase JOX/
JAO was down-regulated at 72 hpi. We found two Aux pathway-related genes, the auxin sig-
naling F-Box 3 and the auxin efflux transporter PILS, which were up-regulated at either 24 hpi
or 72 hpi. The GA-related gene gibberellin 3-beta-dioxygenase 1 showed down-regulation at
72 hpi. The highest number of deregulated genes was found within the CK pathway. These
genes were mainly down-regulated, exception for the cytokinin signal transducer AHP, which
was up-regulated at 72 hpi. Two genes, the abscisic acid transporter AIT and the abscisic acid
8-hydroxylase of the ABA pathway were up-regulated at either 6 or 24 hpi. The 9-cis-
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epoxycarotenoid dioxygenase NCED1 (chloroplastic) was deregulated at both time points,
showing up-regulation at 6 hpi and down-regulation at 24 hpi. Furthermore, 12 signaling pep-
tides were found in our data set, five at 6 hpi (PR-1 and GAST1 up-regulated; two gibberellin-
regulated proteins and the GPI-anchored protein LLG1 down-regulated), four at 24 hpi (leu-
cine-rich repeat receptor-like protein kinase PXC2, pathogenesis-related protein 1, RGF pre-
cursor polypeptide and EPF-peptide co-receptor TMM up-regulated) and three at 72 hpi (two
gibberellin regulated proteins up-regulated and a pythosulfokine precursor polypeptide PSK
down-regulated).

3.8 Chloroplast-related genes

The most prevalent visible symptom induced by BYV is leaf yellowing or, more specifically
chlorosis, reflecting altered pigmentation and structural changes of the chloroplasts. Therefore,
we screened our transcriptomic data for significantly deregulated genes related to photosyn-
thesis and chloroplasts. Six photosynthesis-related proteins were identified: a component PsbY
of the PS-II complex, a peroxisomal hydroxypyruvate reductase HPR1, a PEP carboxylase
PPC, which were up-regulated at 6 hpi, ferredoxin-1, which was up-regulated 24 hpi and an
LHC-related protein ELIP, which was down-regulated at 72 hpi. For the commonly regulated
DEGs, one alpha-type carbonic anhydrase was identified to be up-regulated at 6 and down-
regulated at 72 hpi. In the case of chloroplast-related DEGs, 35 genes were identified, 14 at 6
hpi, four at 24 hpi and 13 at 72 hpi, one commonly regulated at 6 and 24 hpi and four com-
monly regulated at 6 and 72 hpi. A summarized list of the chloroplast-related DEGs is given in
S5 Table.

3.9 DEGs with a particularly high transcriptional change

We focused on DEGs that had a log, fold change higher than -5 or 5. At 6 hpi, we found the
gibberellin-regulated protein 1 and the probable xyloglucan endotransglucosylase/hydrolase
protein 23 with -5.615-fold and -5.294-fold, respectively, with the strongest down-regulation.
An uncharacterized protein with gene homology to At5g41620 (TAIR: intracellular protein
transporter USO1-like protein, located in the chloroplast) had the highest up-regulation.

At 24 hpi, we identified the PR6 protease inhibitor with the strongest down-regulation of
-5.577 (log, fold-change). In the group of up-regulated DEGs, 40 were identified, most of
which were cell wall regulating proteins, transcription factors (zf HD-type, A/B-GATA,
AP2-type) and signalling peptides. Two DEGs were changed more than 10-log, fold but had
unknown protein functions.

At 72 hpi, five DEGs were down-regulated more than -5 (log, fold-change), one vacuolar
protein sorting associated protein (-10.398), one transcription regulator (NOT3) protein
(-7.623), two proteins with unknown functions (-6.938 and -6.846) and one class-C-II small
heat-shock-responsive protein (-5.069). Two DEGs were found to be the most highly up-regu-
lated: the solute transporter UmamiT (5.16) with gene homology to At4g08290 [WAT1-related
protein active in the plasma membrane (TAIR)] and the plant cadmium resistance protein
(5.546). A list of these genes can be found in S6 Table.

3.10 Validation of gene expression

Selected genes for gene expression validation and significance levels for RT-qPCR validation
and biological repetition samples are shown in S7 Table. Genes were selected to cover gene
expression validation in solely expressed genes of the three sampling time points and to cover
commonly regulated genes, mostly chloroplast-related. Gene expression was analysed based
on the two reference genes elongation factor 2 and glyceraldehyde-3-phosphate

PLOS ONE | https://doi.org/10.1371/journal.pone.0311368 October 1, 2024 14/24


https://doi.org/10.1371/journal.pone.0311368

PLOS ONE

Beet yellows virus infection and gene deregulation in sugar beet

A
o 6.0
%” 4.0 i i
20
5 o ] - [’ ia wki Dal ..a - ¥ B S
3 20
<]
§ o “
2 80 - - - -
gibberellin- i 5'-adenyl. alpha . ferric plastid sterol 3- .
PR1 regulated arr(;!tlgil;aL reductase  carbonic fgg;':lj'rd reduction  movem. beta- ferreg oxin enz?l);l t nucleolin 2 spzmc;zzez
protein 1 P 1 anhydrase ©  oxidase 7 impaired 1 glucosyltr. pept. Y/
Transcriptomic data 252 -5.61 -2.95 3.03 1.49 1.60 3.24 1.21 -2.07 0.40 0.78 0.16 0.82
m gPCR validation of RNA sample used for transcriptomics 2.92 -5.58 -2.43 2.86 1.91 1.44 2.05 0.88 -2.14 0.46 0.54 -0.54 0.82
mbiological repetition 278 -4.70 -2.83 277 1.54 1.88 2.99 1.36 -1.74 -0.14 0.59 -0.36 0.67
B
° 6.0
g 4.0
£ 2.0
S 4o ll e e It = e g {.l - o
g o0 tT W R e 1 !!
g‘x‘ 4.0
= 6.0
gibberellin- it 5'-adenyl. alpha 8 ferric plastid sterol 3- a
PR1 regulated arrél:;il:‘a: reductase  carbonic fggg;ﬁ'rd reduction  movem. beta- ferreg oxin enzrod);l t nucleolin 2 sprr?t/rt;z;eZ
protein 1 P 1 anhydrase *  oxidase 7 impaired 1 glucosyltr. pept. Y
Transcriptomic data 213 -0.52 -1.17 0.50 0.69 -0.58 -0.68 0.09 0.15 3.64 -2.63 0.95 0.09
m gPCR validation of RNA sample used for transcriptomics 0.87 0.41 -1.27 0.38 0.12 -0.86 -1.17 -0.51 0.04 0.91 -3.08 0.93 0.03
mbiological repetition 1.43 -0.45 -1.25 0.07 0.34 -0.79 -1.13 -0.39 -0.21 1.01 -3.59 1.26 0.26
C
o 6.0
2 40
2
z 2 ] . e .
s oo NEE | NN FER EET Emw e T =em m=
Y
5’ -4.0
-6.0
gibberellin- - 5'-adenyl. alpha . ferric plastid sterol 3- .
PR1 regulated a;;.;;;a; reductase  carbonic 732;:3',‘1 reduction  movem. beta- ferredakin enz?l);l t nucleolin 2 Spm':;es;ez
protein 1 P 1 anhydrase *  oxidase 7 impaired 1 glucosyltr. pept. Y
Transcriptomic data -2.19 1.82 -2.90 -2.15 -1.83 -1.66 -2.04 -1.25 1.93 -0.97 -1.03 -4.89 -1.51
= gPCR validation of RNA sample used for transcriptomics -3.05 1.22 -3.35 -2.40 -1.93 -1.61 -1.63 -1.08 229 -0.22 -0.77 -0.34 -1.13
mbiological repetition 221 -1.43 -3.58 -2.45 -1.80 -0.85 -1.52 -1.10 1.76 -0.70 -1.44 0.04 -0.87
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https://doi.org/10.1371/journal.pone.0311368.9g008

dehydrogenase, which showed stable gene expression with and without BYV infection. In gen-
eral, specific gene regulation could be confirmed for the majority of significantly regulated
genes of the transcriptomic analysis (Fig 8).

At 6 hpi, clear RT-qPCR validation of transcriptomic data for all nine significantly deregu-
lated genes was obtained for the transcriptome RNA validation samples and for the biological
repetition samples, except for fatty acid desaturase 4, which was not significantly regulated in
the transcriptome validation samples. Not significantly regulated genes of the transcriptomic
analysis showed the same trends, except for ferredoxin-2 and nucleolin 2, which also showed
slightly opposite expression. At 24 hpi, ferredoxin-2 and prolyl endopeptidase were signifi-
cantly regulated during transcriptomic analysis, which was confirmed by RT-qPCR, but only
prolyl endopeptidase was significantly regulated in the validation and replicate samples. As
expected, all other genes tested showed high variation in gene expression but followed the
same trends. At 72 hpi, significant RT-qPCR validation of the transcriptomic data was
obtained for 7/9 significantly regulated genes (exception: nucleolin 2 and phytoene synthase
2). In the biological replicate only five of the tested genes were significantly regulated (antiviral
protein I, 5’-adenylylsulfate reductase 1, alpha carbonic anhydrase 1, actin stability factor
PMII and sterol 3-beta-glucosyltransferase). Prolyl endopeptidase was significantly down-reg-
ulated only in the biological repetition samples. For PR-1, which was not significantly down-
regulated in the transcriptomic and their validation samples, the biological repetition showed
a significant down-regulation. Other genes tested showed high variation in gene expression
but also followed the same trends as at 24 hpi.
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https://doi.org/10.1371/journal.pone.0311368.9009

Considering the time course in RT-qPCR and biological repetition samples, the general
expression patterns of the selected genes were very similar for both sample types. PR-1, and
the majority of chloroplast-related genes were significantly up-regulated at 6 hpi and signifi-
cantly down-regulated at 72 hpi in at least one of the two sample types, with the exception of
phytoene synthase 2. The gibberellin-regulated protein 1 and the sterol 3-beta-glucosyl-
transferase showed significant down-regulation at 6 hpi, but only the latter gene was signifi-
cantly up-regulated at 72 hpi. Prolyl endopeptidase was significantly down-regulated at 24
hpi and 72 hpi (only in the repetition sample). Ferredoxin 2 and nucleolin 2 did not show
significant expression. The antiviral protein 1 was significantly down-regulated at 6 and 72
hpi. (Fig 9).

4. Discussion

Our study is the first to show transcriptional plant responses following natural aphid-mediated
transmission of the ssSRNA virus BYV in sugar beet focusing on the initial phase of infection. It
makes a significant contribution to the identification of potential key genes in the compatible
sugar beet-BYV interaction, especially in the initiation and establishment of virus-induced
disease processes.
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4.1 Putative proviral factors

Components of cell wall metabolism can affect the systemic spread of the virus [31]. We identi-
fied modifications of cellulose, hemicellulose, pectin, lignin and cutin/suberin as well as cell
wall protein (expansin) deregulation. All these identified genes were significantly up-regulated,
however, exclusively in our 24 hpi dataset.

In a cassava transcriptome study investigating responses to infection with South African
cassava mosaic virus (SACMYV, Geminiviridae), host genes encoding cell-wall polysaccharides,
and expression of plasmodesmata-associated genes were up-regulated. The up-regulation was
linked to the increase of SACMYV titers between earlier and later sampling time points, suggest-
ing a role in SACMV movement [32]. In our dataset, at 6 hpi and 72 hpi, the majority of cell
wall-associated DEGs were down-regulated. In the compatible tomato spotted wilt virus-
tomato interaction, cell wall modification enzymes such as xyloglucane, endotransglycosylase/
hydrolases and pectinesterase were also down-regulated [33]. Furthermore, in rice plants
infected with rice dwarf virus (RDV, Sedoreoviridae), the most affected pathway was the cell
wall-related pathway. Corresponding genes were significantly suppressed, and it was suggested
that this might reflect the stunted growth of diseased plants [34]. In our data, the later time
point (72 hpi) also showed down-regulation of a polygalacturonase (bv6_148680_pnhi.t1;
-2.714) and a regulatory protein of the cellulose-hemicellulose network COB
(bv2_028020_grdy.t1; -1.897). The deregulation of cell wall-related genes is therefore a possible
explanation for the generally more compact growth and smaller leaf area, and indicates that
these genes might be involved in viral movement.

Furthermore, we identified transcription factors (TFs) of different classes that played a role
in the very early phase of infection. TFs have a substantial impact on controlling cellular pro-
cesses such as responses to biotic and abiotic stresses, development, cell differentiation, metab-
olism and defense [35]. In particular, the MYB class-R2R3 subgroup-18 transcription factor
GAMYB, which has a function in hormone response and gibberellic acid (GA) signal trans-
duction [35], showed high differential expression (bv_000790_ezhe.t1; 4.146).

A chaperone heat-shock (Hsp70) protein (bv7_174160_nend.t2; -2.302) and class-C-II and
class-M-1I small heat-shock responsive proteins (bv2_025750_azsu.tl, bv9_205180_adke.t1,
bv2_034220_scas.tl, bv5_123200_druz.tl; -2.121 to -5.069) were down-regulated. Controver-
sially to our study, heat-shock proteins have been found to be induced, e.g. by the negative-
sense ssSRNA rice stripe virus [36], the positive-sense ssSRNA viruses turnip mosaic virus
(TuMV, Potyviridae) and turnip crinkle virus (TCV, Tombusviridae) [37], and the DNA virus
tomato yellow leaf curl virus (TYLCV, Geminiviridae) [38, 39]. These findings suggest proviral
activity, since viral recruitment of cellular host chaperones to membrane bound sites seems to
be essential for virus replication and cell-to-cell movement, making such chaperones and heat-
shock proteins potential targets for antiviral defense [40]. However, HSP70 genes were down-
regulated upon infection of Vitis with grapevine leafroll-associated virus 3 (GLRaV-3, Clostero-
viridae) [41]. Like BYV, GLRaV-3 is a closterovirus, which is phloem-restricted and semi-per-
sistently transmitted by phloem-sap sucking mealybugs [41]. HSP70s can be localized in the
ER and cytosol or the mitochondria and chloroplasts. It was shown that cytosolic and chloro-
plastic HSP70s were predominantly repressed following biotic stressors [42]. Targeting of dif-
ferent HSP70s in different cell organelles might explain the down-regulation of these host
genes representing another strategy used by the closteroviruses to evade host stress responses
[42].

The solute transporter UmamiT was highly up-regulated at 72 hpi (bv3_049340_cfxz.t1,
5.16). UmamiT was investigated in Arabidopsis transgenic over-expression lines, which
showed stunted growth [43]. Further studies of such over-expressor lines, showed altered
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physiological characteristics such as a decline in biomass and seed yield. Resistance, in this
case against the fungus Phytophthora parasitica, was shown for mutants defective in UmamiT
[43] so that screening for natural mutations might be an option for implementing resistant
phenotypes.

It is assumed that some viruses circumvent the plant silencing (RNAi) mechanism by physi-
cally escaping and replicating in vesicles or chloroplasts [44]. The trafficking of vesicles is facil-
itated by a superfamily of proteins known as SNAREs (soluble N-ethylmaleimide-sensitive-
factor attachment protein receptors). SNAREs are possibly involved in turnip mosaic virus
(TuMV) infection [45, 46] as vesicle are attached with the outer membrane of chloroplasts.
Viral structures co-localize with vesicles on the chloroplast membrane [45]. The SNARE gene
Syp71 mediates the formation of bridge-like structures between two chloroplasts, probably
facilitating the trafficking of virus particles [44]. Knockdown of Syp71 using a tobacco rattle
virus (TRV, Virgaviridae) -based virus-induced gene silencing vector showed that Syp71 is
essential for TuMV infection. In Syp71 down-regulated plant cells, virus accumulation was sig-
nificantly reduced [45]. In our data, we identified a vesicle trafficking regulation protein
belonging to the Syp1-group (bv_000340_yrnu.t1; 5.184) being highly up-regulated that might
play a role in BYV replication and trafficking.

4.2 Phytohormone deregulation and antiviral proteins

There is emerging evidence that viruses manipulate plant hormone responses to deactivate
defense responses and reprogram cells to enhance viral replication and spread [30]. This
involves hormonal cross-talk during viral pathogenesis [47]. Our data suggests cross-talk
between the different phytohormone pathways in the early stages of BYV infection. We found
that SA- and ET-related genes were not deregulated. The ABA pathway appeared to be of
greater importance in the very early stages of infection. Three genes showed up-regulation at 6
or 24 hpi, while JA-related genes were down-regulated at 72 hpi. The deregulation appears to
be characteristic for viral infections. It is already known that virus infections stimulate the
ABA synthesis and disturb other defense-related hormonal pathways including SA, ET, or JA
synthesis [47]. CKs also play an essential role in the growth processes of plants, as increased
CK levels enhance the resistance against viruses [47]. However, only few reports exist describ-
ing the response of CK pathways to virus infection [48]. In our transcriptome dataset, the
majority of CK-related genes were significantly down-regulated at 6 and especially at 72 hpi.
The interaction between GAs and Aux upon viral infection is unclear [48], however, our data
suggest that both pathways are induced having antagonistic effects.

Furthermore, we identified a putative antiviral protein alpha (bv9_202460_padn.t1; -2.952)
that was significantly down-regulated at 6 and 72 hpi. It was also down-regulated at 24 hpi, but
not significantly between the four sample repetitions. Antiviral proteins are defense-related
proteins belonging to the so-called ribosome-inactivating proteins (RIPs) and are known to
inhibit protein synthesis. From a structural point of view, they have been classified into two
types: type 1 RIPs are for example saporin, pokeweed antiviral protein (PAP) [49-51], PD-L1
and Beetin 27 (BE27), the latter can be found in sugar beet (bv9_202430), and type 2 RIPs (e.g.
ricin, abrin, mistletoe lectin) [52]. The down-regulation of antiviral protein alpha might indi-
cate the susceptibility of the genotype tested.

4.3 Chloroplasts- and photosynthesis-related genes

Although the development of viral symptoms can have multiple causes, the disturbance of nor-
mal chloroplast function has been suggested to cause typical photosynthesis-related symptoms,
such as mosaic and chlorosis [53]. It seems plausible that deregulation of chlorophyll
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biosynthesis genes plays a role in the induction of yellowing symptoms, since yellowing
increases the attractiveness for insect vector colonization [54] and thus transmission and
spread. It is already well known that chloroplast- and photosynthesis-related genes or proteins,
respectively, are common targets assisting in viral propagation [55]. It is interesting to mention
that plant viruses can also exploit host RNA silencing machinery to manipulate chlorophyll-
related genes at the post-transcription level [55]. In tobacco, the chlorophyll biosynthesis gene
CHLI was found to be specifically down-regulated by cucumber mosaic virus (CMV, Bromo-
viridae) + Y-Sat infection. As a result, the virus is able to induce the typical yellowing symp-
toms [56].

For BYV as a virus that causes leaf yellowing or chlorosis, we were particularly interested, if
plant genes involved in the expression of symptoms caused by the viral infection can already
be identified in the early infection phase.

In our data set, we found that 6% of all deregulated genes were related to photosynthesis or
chloroplasts. All these DEGs mainly had in common that they were down-regulated at the lat-
est of the early infection time points investigated. Thus, it can be assumed that chloroplast-
related genes are deregulated by BYV early in the infection process and on locally infected tis-
sue. Screening the available early transcriptomic studies, reveals the importance of chloro-
phyll- and chloroplast-related genes.

Kundu et al. (2015) identified altered expression of photsynthesis-related genes in black
gram (Vigna mungo) 3-48 hours after infection with mungbean yellow mosaic india virus
(MYMIV, Geminiviridae), transmitted by the viruliferous whitefly Bemisia tabaci. These genes
were mainly repressed, reflecting the lower photosynthetic competence accompanying suscep-
tible phenotypes showing severe chlorosis [57], which is consistent with our observations.

Cho et al. (2015) studied the transcriptional changes in rice plants triggered by rice stripe
virus (RSV, Phenuiviridae) transmitted by planthoppers. They showed that many chloroplast-
related genes were down-regulated quite soon (3 dpi) after RSV infection, even though the
infected rice seedlings did not show any disease symptoms, suggesting that down-regulation of
chloroplast-related genes reduces photosynthesis, which in turn leads to chlorosis on infected
leaves [58].

Another study, though using mechanical inoculation of leaves, dealt with potato virus Y
(PVY, Potyviridae) infection in potato and discovered the biological process GO term “Photo-
synthesis, light harvesting” to be the most overrepresented term in potato leaves inoculated
with PVY already at 4 hpi and the majority of photosynthesis-related genes were down-regu-
lated at 10 and 12 hpi [59]. Thus, our study and others show the importance of this pathway
for the plant-virus interaction for different virus families.

Our analysis clearly demonstrates that gene deregulation processes in the compatible sugar
beet-BYV interaction are already activated at a very early stage of infection following natural
vector inoculation. In the abundance of DEGs, it is a difficult task to subsequently identify pos-
sible susceptibility factors. Regulatory processes are complex and can also link several factors
or genes. From the list of DEGs, it is possible to carefully select which genes might be interest-
ing for a more detailed characterization. As the BIN categories are generally very broadly cov-
ered, the commonly regulated genes may offer a narrower selection. Selected genes can then
be further investigated. Possible future experiments can be virus-induced gene silencing using
VIGS vectors to see whether the silencing of certain genes, which might be essential factors for
virus replication and spread in the plant, can trigger tolerance or resistance effects. It is also
possible to delete or specifically modify such factors using CRISPR/Cas and test the mutant
plants for susceptibility or resistance. Using this approach, we have recently identified resis-
tance against BChV, another pathogen of the virus yellows complex, attributed to a deletion in
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the eukaryotic translation initiation factor eIF(iso)4E that negatively interferes with the viral
protein VPg (viral genome-linked protein), which mediates translation of viral proteins [60].

Such identification of susceptibility factors can support sugar beet breeders to develop
BYV-resistant varieties for the market and thereby eliminating a threat to sugar beet cultiva-
tion, as no varieties with effective resistance are currently available.
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