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The molecular interactions between Polymyxa betae, the pro-
tist vector of sugar beet viruses, beet necrotic yellow vein
virus (BNYVY), the causal agent of rhizomania, and Beta vul-
garis have not been extensively studied. Here, the transmis-
sion of BNYVYV to sugar beet by P. betae zoospores was op-
timized using genetically characterized organisms. Molecular
interactions of aviruliferous and viruliferous protist infection
on sugar beet were highlighted by transcriptomic analysis.
P. betae alone induced limited gene expression changes in sugar
beet, as a biotrophic asymptomatic parasite. Most differentially
expressed plant genes were down-regulated and included re-
sistance gene analogs and cell wall peroxidases. Several en-
zymes involved in stress regulation, such as the glutathione-S-
transferases, were significantly induced. With BNY VYV, the first
stages of the P. betae life cycle on sugar beet were accelerated
with a faster increase of relative protist DNA level and an earlier
appearance of sporangia and sporosori in plants roots. A clear
activation of plant defenses and the modulation of genes involved
in plant cell wall metabolism were observed. The P. betae tran-
scriptome in the presence of BNYVYV revealed induction of genes
possibly involved in the switch to the survival stage. The inter-
actions were different depending on the presence or absence of
the virus. P. betae alone alleviates plant defense response, play-
ing hide-and-seek with sugar beet and allowing for their mutual
development. Conversely, BNYVV manipulates plant defense
and promotes the rapid invasion of plant roots by P. betae. This
accelerated colonization is accompanied by the development of
thick-walled resting spores, supporting the virus survival.
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Rhizomania is a major disease of sugar beet, caused by the
type member of genus Benyvirus in family Benyviridae (Gilmer
and Ratti 2017), Beet necrotic yellow vein virus (BNYVV),
a multipartite single-stranded RNA virus. BNYVV is trans-
mitted by the plasmodiophorid protist Polymyxa betae Keskin
(Decroés et al. 2019; Tamada and Asher 2016), an obligate in-
tracellular parasite of Beta vulgaris roots, allowing the virus
survival in soils, as resting spores, for decades. P. betae is also
vector for other beet RNA viruses, namely, beet soil-borne mo-
saic virus (Heidel et al. 1997; Lee et al. 2001), beet soil-borne
virus (BSBV) (Mahillon et al. 2021), and probably also beet
virus Q (Crutzen et al. 2009). Two other species of the Plas-
modiophorida order can also transmit specifically plant viruses,
Spongospora subterranea is the vector of Potato mop-top virus
(Jones and Harrison 1969; Reavy et al. 1998) and P. grami-
nis is the vector of some Beny- (Bagayoko et al. 2021), Bymo-
(Vaianopoulos et al. 2006), Furo- (Vaianopoulos et al. 2005),
and Pecluviruses (Dieryck et al. 2009) associated with major
diseases, mainly on cereals (Dieryck et al. 2011). On the other
hand, no report relates viral transmission by Plasmodiophora
brassicae, the type member of the plasmodiophorids, causal
agent of clubroot of crucifers. At the physiological level, Plas-
modiophora brassicae and S. subterranea induce the formation
of galls in their host roots, whereas the infection by virus-free
Polymyxa spp. remains asymptomatic. However, the induction
of lateral root proliferation is observed following transmission
of BNYVYV (Peltier et al. 2011; Schmidlin et al. 2008). Both
phenomena, galls formation and lateral roots proliferation, in-
volve auxin biosynthesis and the signaling pathway in conjunc-
tion with plant defense, with upregulation of defense-related
transcription factors (TF), pathogenesis-related (PR) proteins,
and secondary phenolic compounds production (Fernando Gil
et al. 2020; Malinowski et al. 2019).

There are only a few transcriptome profiling studies of the
interactions between Polymyxa spp. and their hosts. McGrann
et al. (2007, 2009) found a similar basal response to host and
nonhost interactions of P. betae and P. graminis with sugar
beet and barley, suggesting that resistance to Polymyxa spp. is
not governed by pathogen-triggered immunity. Genes encoding
for PR1a, PRS, cysteine proteases, a chitinase, a glutathione-
S-transferase (GST), lipid transfer proteins, thionins, xyloglu-
can endo-transglycosylases (XTH), and extensin-like proteins
were found among induced transcripts in early infection
(McGrann et al. 2009). Two B. vulgaris XTH genes were re-
ported to be involved in repairing cell wall damages caused by
P. betae infection (Dimmer et al. 2004; Mutasa-Gottgens et al.
2000). Later, Desoignies et al. (2014) recorded 120 sugar beet
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expressed sequence tags upregulated during the life cycle of
P. betae. The transcriptomic profiling of 11 sugar beet genes re-
vealed an active defense response, that began after 1 day and
peaked after 5 days, during plasmodial growth. After 15 days,
when zoosporangia and sporosori are formed, the plant response
seemed quieter, as if P. betae was “immunitary hidden”.

Much more attention was given to comparative transcriptomic
studies of the interaction between the BNYVV and different
hosts the virus is able to infect, like B. vulgaris, B. macrocarpa,
or Nicotiana benthamiana (Fan et al. 2014, 2015a; Fernando Gil
et al. 2020; Liu et al. 2017; Schmidlin et al. 2008), but most of
these studies were focused on the virus-plant interaction in the
absence of P. betae. Such studies systematically highlighted a
major role of auxin in root disease development, activation of
PR proteins, providing a better understanding of the BNYVV
interaction with the sugar beet. Peltier et al. (2011) even showed
the effect of the expression of the BNYVV p25 on hormonal
changes and a root phenotype in Arabidopsis thaliana.

Yet only the seminal study by Schmidlin et al. (2008) analyzed
both the BNYVV in B. vulgaris as well as in B. macrocarpa as
host plants, providing information in the presence or the absence
of the vector P. betae. Comparison of differential expression
patterns in both B. vulgaris and B. macrocarpa concluded in
genes differentially expressed in these hosts possibly because of
the presence of P. betae in B. vulgaris.

The availability of sequenced accessions for both B. vulgaris
(Dohm et al. 2014) and P. betae (Decroés et al. 2022) now pro-
vides the opportunity to improve our understanding of the tri-
partite interaction occurring between B. vulgaris, P. betae, and
BNYVYV by transcriptomic analysis. The scarcity of studies in
this field also reflects the difficulty of simultaneously handling
P. betae and BNY VYV under fully controlled soil-free assay con-
ditions (Kanyuka et al. 2003), for which a protocol is proposed
to study interactions in the rhizomania pathosystem, using ge-
netically characterized organisms. Results are discussed in light
of the previous transcriptomic analysis of the plant-BNYVV and
plant—Plasmodiophora brassicae interactions.

RESULTS AND DISCUSSION

Overview of RNA-seq data.

In the field, plant infection by BNYVV strictly requires
P. betae, as there is no other known natural mode of transmis-
sion (Tamada 2016). It is, therefore, of interest to use the vector
when studying plant-virus interactions under natural inoculation
conditions (Tamada et al. 2021). Here, a new protocol aiming to
reproduce BNYVYV transmission by P. betae zoospores to sugar
beet was optimized in a soil-free system, including exclusively
genetically characterized organisms. This protocol was used
to perform a comparative transcriptome analysis of the entire
root system of sugar beets 28 days after inoculation with virus-
free or virus-transmitting P. betae zoospores. Between 37.0 and
59.6 million good-quality read pairs were obtained in each of
the 16 sequenced libraries. The percentages of mapped reads
on the P. betae reference genome ranged from 14.4 to 34.3%.
They ranged from 61.4 (in the presence of P. betae) to 98.1% (on
mock-inoculated plants) on the B. vulgaris genome (Supplemen-
tary Table S1). In comparison with mock-inoculated plants, the
differential expression analysis revealed twice as many genes in-
fluenced by inoculation of viruliferous P. betae (2,192) than with
P. betae alone (1,002, mostly downregulated). Numbers of up-
and downregulated genes for each comparison are summarized
in a Venn diagram in Figure 1.

Kyoto Encyclopedia of Genes and Genomes (KEGG) catego-
rization of potential differentially expressed gene (DEG) func-
tions revealed that more pathways were significantly enriched
in the presence of the virus than with P. betae alone, including
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pathways related to signaling, zeatin biosynthesis, as well as sec-
ondary metabolite synthesis (Table 1). Glutathione metabolism
was the most enriched pathway in plants infected with P. betae
alone and, to a lesser extent, with the virus. Seven of the enriched
pathways in the presence of BNYVV (P value < 0.01) (Table 1)
were already reported in a previous RNA-seq study using
BNYVV without its vector on B. vulgaris (Fernando Gil et al.
2020), confirming the reliability of the RNA-seq data generated
in the present work.

The expression changes of 10 target genes in each inoculation
condition (P. betae alone or P. betae together with BNYVV vs.
control), measured by RNA-seq and reverse transcription quan-
titative PCR (RT-qPCR), were highly correlated (R? = 0.91),
further supporting RNA-seq data and analysis (Supplementary
Fig. S1). More detailed bioassay results as well as an overview
of RNA-seq statistics and mapping percentages are available in
Supplementary Notes.

Since available annotation of the P. betae draft genome greatly
rests on in silico predictions, an assembly of transcriptome se-
quences was performed in this study and was integrated with the
initial annotation. As a result, 20,297 transcripts were reported
belonging to 11,872 genes. Protein-coding genes were then an-
notated and their expression levels (measured in transcripts per
million) and regulation were monitored in the presence or ab-
sence of BNYV'V. Unfortunately, only 165 DEGs (93 up- and 72
downregulated) (Supplementary Table S2) were found without
applying a fold-change threshold, probably due to high vari-
ability between replicates. The high sample dispersion found by
multidimensional scaling analysis of gene expression data illus-
trates this high variability (Supplementary Fig. S2). To carefully
exploit these results, we have chosen to focus only on signifi-
cantly regulated genes, showing log-fold changes superior to 1
(64 genes).

187 180 802
332 286 637

Up-regulated
Down-regulated

PBBN vs PB
357 DEG

Fig. 1. Venn diagram showing the total of up- and downregulated Beta vul-
garis genes between the three inoculation modalities. C = mock-inoculated
plants, PB = plants infected with Polymyxa betae alone, PBBN = plants
infected with P. betae and the beet necrotic yellow vein virus, and DEG =
differentially expressed genes. Each circle represents one side of the three-
way comparison. The number of up- and downregulated genes is shown in
red and blue, respectively.



A detailed description of the main transcriptomic changes in-
duced by inoculation with, on one hand, P. betae alone, and, on
the other hand, P. betae and BNYVV is presented in the follow-
ing sections, according to their putative effect on the plant.

The P. betae life cycle in sugar beet roots is influenced
by the presence of BNYVV.

In rhizosphere, free P. betae zoospores enter sugar beet roots
by infecting epidermal cells, preferably through roots hairs.
Consequently, when the taproot starts enlarging, new infections
occur essentially in thin lateral roots, bearing root hairs. The
main symptom induced by BNYVV is precisely the prolifer-
ation of those lateral roots, which is likely an advantage for
P. betae in later infection stages. During our experiments, no
pronounced lateral root proliferation was observed yet, even
though weak root proliferation was observed in some sam-
ples infected with the BNYVV. However, significantly higher
relative P. betae DNA quantities were measured in plants in-
fected with BNYVYV than in plants inoculated with avirulifer-
ous P. betae, at 1, 7, and 14 days postinoculation (dpi) (Fig.
2A). At 28 dpi, a higher relative quantity of P. betae DNA was
measured in plants inoculated with P. betae alone than in the
presence of BNYVV. On the one hand, this higher relative quan-
tity at 28 dpi was confirmed by comparing the percentages
of RNA-seq reads mapped to the P. betae reference genome
(Fig. 2B) and by the higher relative level of P. betae internal
transcribed spacer 1 (ITS1) transcripts measured by RT-qPCR
in two independent bioassays (Fig. 2C). On the other hand, a
greater number of sporangia and sporosori was observed after
14 days in the roots infected with P. betae together with BNYVV
compared with P. betae alone—infected roots in both the up-
per part and the middle part of the roots. The same observation
was made in the upper part of the roots at 28 dpi (Fig. 2D).
Therefore, the P. betae life cycle seems to be accelerated in
roots infected by the virus. Once entering the survival stage
(sporosori), the multiplication of P. betae slowed down while
root growth continued, thus explaining the lower P. betae rela-
tive quantity measured at the later timepoint. This effect could
also explain the observation of similar sporosori relative quanti-
ties with and without BNYVV in the middle part of the roots at
the same timepoint. We should note that the plant tissues taken at

14 and 28 dpi for visual observation differ between the two time-
points, as root length increased and new lateral roots were prob-
ably formed between the two sampling times. On a molecular
level, strikingly, P. betae genes encoding homologs to Yippee-
like protein, involved in conidiation in the rice blast pathogen
Magnaporthe oryzae (Han et al. 2018), and to the conidiation-
specific protein 10, a stress-responsive gene expressed during
conidiation in the ascomycota Neurospora crassa (Shrode et al.
2001) were up-regulated in the presence of BNY VV. These find-
ings endorse the hypothesis that P. betae enters earlier into the
resting spore stage in roots co-inoculated with the virus. Simi-
larly, the upregulation of P, betae genes involved in cell signaling
(serine/threonine protein kinase activity), regulation of transla-
tion (Pumilio homolog 12), proteolytic activity (cathepsin-like,
two metalloproteases), and other hydrolytic activities (lysoso-
mal acid phosphatase, f-lactamase) could also be involved in
the switch from the sporangial stage to the sporogenic stage of
the life cycle of the protist (Supplementary Table S2). In ad-
dition to the induction of lateral root proliferation, our results
suggest that the presence of BNYVV would also be beneficial
to P. betae during early infection and root colonization. Simi-
larly, Gerik and Duffus (1988) reported greater infection levels
on sugar beets inoculated with BNYVV-carrying P. betae iso-
lates when compared with the same isolates without the virus,
and this for five of the six monosporosorus isolates tested.

The P. betae—induced genes related
to oxidative stress management.

A strong impact of P. betae inoculation on the glutathione
metabolism was observed in KEGG enrichments, independently
of BNYVV. DEGs involved in redox regulation in plants were
categorized using MapMan4 and were visualized on heatmaps
to further explore this result (Fig. 3). P. betae infection induced
significant upregulation genes coding for 17 or 15 GSTs in
the presence or absence of BNYVYV, respectively. Plant GST
genes are known to be expressed under biotic and abiotic stress
(Gullner et al. 2018) and GST upregulation has been seen in
A. thaliana upon infection by Plasmodiophora brassicae (Irani
et al. 2018), suggesting an important role for these enzymes
in plant-plasmodiophorid interactions. Interestingly, such mas-
sive regulation was not reported in previous RNA-seq studies on

Table 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichments in one or both up- and downregulated differentially expressed genes from
Polymyxa betae alone and P. betae + beet necrotic yellow vein virus (BNYVV)-infected plants in comparison with mock-inoculated plants®

PBvs.C PBBN vs. C

KEGG pathway P value up P value down P value up P value down
Glutathione metabolism 5.61E-16 - 3.65E-08 -
Metabolic pathways 9.19E-05 - 4.77E-09 -
Phenylpropanoid biosynthesis - - 1.14E-05 -
Biosynthesis of secondary metabolites - - 1.22E-05 -
Nitrogen metabolism - 1.95E-05 - 1.57E-05
MAPK signaling pathway - plant - - 3.47E-05 -
Flavonoid biosynthesis - - 3.71E-05 -
Cyanoamino acid metabolism - - 4.20E-05 -
Zeatin biosynthesis - - 7.87E-05 -
Isoquinoline alkaloid biosynthesis - - 1.38E-04 -
Tyrosine metabolism - - 1.32E-03 -
Amino sugar and nucleotide sugar metabolism - - 2.10E-03 -
Carotenoid biosynthesis - - - 6.35E-03
Pentose and glucuronate interconversions - - 7.96E-03 -
Circadian rhythm - plant - - 8.62E-03 -
Proteasome 3.01E-04 - - -
Ascorbate and aldarate metabolism 7.08E-04 - - -
Ribosome 2.69E-03 - - -

2 Pathways are classified from the most significant to the least significant. Only P values below 0.01 are shown. Pathways in italics were previously reported,
in a study by Fernando Gil et al. (2020), using full-length infectious cDNA clones of BNYVV. PB = P. betae alone, C = mock-inoculated control plants, and

PBBN = P. betae + BNYVV.
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BNYVV-plant interactions without the vector (Fan et al. 2014,
2015a; Fernando Gil et al. 2020) but was observed by Schmidlin
et al. (2008) on B. vulgaris infected with BNYVV and P. betae.
This effect on plants could therefore be attributed to P. betae and
illustrates the importance of considering the vector when study-
ing rhizomania pathosystems. In the current study, two putative
GST genes were found in the 20 most expressed P. betae genes,
further indicating that GST activity is crucial for the protist. The
implication of GSTs in P. betae—B. vulgaris and in Plasmodi-
ophora brassicae—B. napus interactions was already suggested
by Mutasa-Gottgens et al. (2000) and Fei et al. (2015), respec-
tively. Other plant genes related to redox homeostasis encoding
glutaredoxins and ascorbate peroxidases were significantly up-
regulated by P. betae alone or with BNYVV as compared with
mock-inoculated plants. Thioredoxin genes were significantly
up-regulated only in plants inoculated with P. betae alone. One
NADPH-oxidase (Rboh) gene involved in H,O, production was
significantly down-regulated by both agents, especially with-
out BNYVV. Interestingly, P. betae genes possibly linked to
oxidative stress response (coding for one catalase involved in

A B

Hrx

30000+ 22549.2

¥

g 304
g‘ ‘ 10081.9 g
£
€ 10000 - 8
s g
£ )
3 =
5 o g
x 2409.5 =
2500 20
* 58.8
24H D PB

7D 14D
Time point (H=Hours, D=Days)

14 days post-inoculation 28 days post-inoculation

Middle part Upper part Middle part Upper part

Treatment

n=8

1.48
0.65
>< = 125
[}
2
=2 025
g
Q
B
a
12
145 118 07
0.85
1
0.98
_0.75 . _0.65
o 0.05
PB PBBN PB BN PB PBBN PB PBBN
Treatment

H,0; decomposition, two HSP20, and one AhpC/thiol-specific
antioxidant domain—containing protein) were also up-regulated
in the presence of BNYVV. Furthermore, it was recently re-
ported that several effectors of Plasmodiophora brassicae were
able to suppress plant cell death activation associated with H,O,
accumulation and induced by other Plasmodiophora brassicae
secretory proteins or by the mouse BAX protein (Chen et al.
2019). These findings highlight the importance of the control
of oxidative stress for successful plant infection by plasmodi-
ophorid obligate endoparasites. Altogether, redox homeostasis
adjustments seem essential in P. betae—B. vulgaris compatible
interaction and the alleviation of oxidative stress in the pres-
ence of P. betae could be beneficial for BNYVYV, as previously
proposed by Schmidlin et al. (2008).

Effect of P. betae and BNYVV
on defense-related gene expression.

In this study, we found that more than 30% of the poly(A)-
RNA extracted from sugar beet roots infected with P. betae
alone originated from the latter. Despite this huge proportion,
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Fig. 2. Relative quantification of Polymyxa betae in sugar beet roots in three successive bioassays and visual assessment of P. betae life cycle in sugar beet roots.
A, Bar chart of relative quantity of P. betae DNA normalized to Beta vulgaris DNA obtained by quantitative PCR (qPCR) (n = 8). B, Boxplot representation
of percentages of mapped reads on P. betae A26-41 reference genome (n = 5 to 6). C, Boxplot representation of the relative quantity of P. betae ITS1 rRNA
expression obtained by reverse transcription gPCR (n = 8). D, Stacked bar chart of the visual assessments of three P. betae structures (i.e., sporosori, sporangia,
and undifferentiated plasmodia) at two different timepoints (14 and 28 days postinoculation) and in two parts of the root system (top and middle) (scale from
0 to 5 with 1 meaning <10% cells infected by a particular development stage, 2 = 10 to 30% cells infected, 3 = 30 to 50% cells infected, 4 = 50 to 70% cells
infected, and 5 indicating >70% cells infected). C = mock-inoculated plants, PB = plants infected with P. betae alone, PBBN = plants infected with P. betae
and the BNYVV. Significantly different levels were determined by r-test (one asterisk [*] indicates P < 0.05 and three [***] P < 0.001).
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no symptoms were visible on plants one month after inocula-
tion. Desoignies et al. (2014) reported that the sugar beet de-
fense response to an established P. betae infection (when all
life stages are present) was very weak, in comparison with ear-
lier timepoints (Desoignies et al. 2014; McGrann et al. 2007).
Conversely, several studies found a clear induction of sugar
beet defenses after inoculation with BNYVV (Fernando Gil
et al. 2020; Larson et al. 2008; Schmidlin et al. 2008; Webb
et al. 2015, 2020). To gain insights into the differences between
defense response to P. betae alone or carrying BNYVYV, the ex-
pression of plant PR and PR-like protein genes was systemati-
cally monitored (Table 2). Our results confirmed the weak sugar
beet defense reaction to the inoculation with P. betae alone, in
comparison with the changes previously reported in Plasmodio-
phora brassicae—plant transcriptome analyses (Irani et al. 2018;
Jia et al. 2017; Siemens et al. 2006). The presence of the protist
especially influenced PR-9 (peroxidases, mostly induced), PR-
10 (ribonuclease-like proteins, repressed), and PR-15-16 (ox-
alate oxidases and oxalate oxidases-like, repressed) families. A
much stronger increase in the expression of PR and PR-like
encoding genes was observed in the presence of BNYVV (17
down- and 71 upregulated DEGs) compared with P. betae alone
(15 down- and 25 upregulated DEGs), including three PR-1-type
genes represented in the top 20 of the most-upregulated genes in
P. betae together with BNY VYV plants (the Top 20 are reported
in Supplementary Tables S3 and S4). Although induction of
plant PR proteins by viral infection has been known for decades
(Bol et al. 1990) and has been already reported for BNYVV
(Fan et al. 2015a; Fernando Gil et al. 2020), our analysis reveals
that this upregulation could also affect P. betae. In particular, sev-
eral genes encoding putative endo-1,3-beta-glucosidases (PR-2)
and chitinases (PR-3,4,8,11) were strongly up-regulated. Such
induction was previously proposed to be involved in resistance

A Reactive oxygen generation

B Glutathione S-transferases

LOC104900197 - NADPH-oxidase (Rboh)

LOC104899212 - class tau glutathione S-transferase
LOC104892286 - class theta glutathione S-transferase

LOC104894059 - class tau glutathione S-transferase

LOC104907577 - class tau glutathione S-transferase
LOC104894057 - class tau glutathione S-transferase
LOC104897652 - class tau glutathione S-transferase
LOC104885257 - class tau glutathione S-transferase
LOC104902957 - class phi glutathione S-transferase
LOC104907576 - class tau glutathione S-transferase

LOC104894066 - class tau glutathione S-transferase

against P. betae (Burketova et al. 2003) and Plasmodiophora
brassicae (Zhang et al. 2016).

Similarly, KEGG pathways associated with biosynthesis
of secondary metabolites were only significantly enriched
among DEGs found in the presence of BNYVV. The tyrosine

Table 2. Differentially expressed genes belonging to pathogenesis-related
(PR) proteins encoding PR and PR-like genes in response to Polymyxa betae
with or without beet necrotic yellow vein virus (BNYVV)?

PB vs. C PBBN vs. C
PR families No.genes Down Up Total Down Up Total
PR-1 15 1 2 3 1 7 8
PR-2 36 0 0 0 0 7 7
PR-3 10 0 0 0 0 5 5
PR-4 2 0 0 0 0 1 1
PR-5 20 1 1 2 2 6 8
PR-6 2 0 1 1 1 1 2
PR-7 22 1 0 1 2 1 3
PR-8 9 0 1 1 0 3 3
PR-9 83 10 7 17 7 13 20
PR-10 8 0 3 3 0 4 4
PR-11 3 0 0 0 0 2 2
PR-12 2 0 0 0 0 1 1
PR-13 0 0 0 0 0 0 0
PR-14 4 0 0 0 1 0 1
PR-15-16 52 2 9 11 3 19 22
PR-17 3 0 1 1 0 1 1
Total 271 15 25 40 17 71 88

% Genes are listed in detail in Supplementary Table S5. Significant up- (up)
and downregulation (down) in comparison with mock-inoculated plants are
summarized. PR and PR-like were identified through tBLASTn searches
on B. vulgaris refseq_rna (E-value < ¢~ %), C = mock-inoculated plants,
PB = plants infected with P. betae alone, PBBN = plants infected with
P. betae and BNYVV.

C Ascorbate-glutathione cycle

- LOC104908898 - ascorbate peroxidase (APX) l 2
LOC104895166 - ascorbate peroxidase (APX) 1
LOC104891829 - ascorbate peroxidase (APX) 0
LOC104895312 - ascorbate peroxidase (APX)
LOC104895172 - ascorbate peroxidase (APX) l -1
-2

LOC104906117 - dehydroascorbate reductase (DHAR)

D Thioredoxins

LOC104890206 - F-type thioredoxin
LOC104897997 - H-type thioredoxin
LOC104907729 - M-type thioredoxin
LOC104898856 - O-type thioredoxin

E Glutaredoxins

LOC104900257 - class lambda glutathione S-transferase .
--- LOC104883635 - glutaredoxin
LOC104898005 - class tau glutathione S-transferase .
- LOC104895322 - glutaredoxin
LOC104898671 - class phi glutathione S-transferase X
-- LOC104883638 - glutaredoxin
LOC104907361 - class tau glutathione S-transferase
. Low-molecular-weight gers
LOC104898009 - class tau glutathione S-transferase
LOC104906825 - class tau glutathione S-transferase LOC104902718 - 4-hydroxyphenylpyruvate dioxygenase (HPPD)
LOC104898007 - class tau glutathione S-transferase LOC104888087 - gamma-tocopherol methyltransferase (VTE4/TMT)
<] 4
LOC104898008 - class tau glutathione S-transferase N é& \\%Q
) O N
LOC104894061 - class tau glutathione S-transferase Q0 QQ’%

X

@@
&

£ £
g >
< N
K®

Fig. 3. Redox homeostasis in response to Polymyxa betae with or without beet necrotic yellow vein virus (BNYVV) inoculation. A, Heatmaps of differentially
expressed genes related to reactive oxygen generation, B, glutathione-S-transferase activities, C, ascorbate-glutathione cycle, D, thioredoxins, E, glutaredoxins
and F, low—molecular weight scavengers are shown. Up- and downregulation are represented in red and blue, respectively. The scale is based on log, fold
changes. C = mock-inoculated plants, PB = plants infected with P. betae alone, and PBBN = plants infected with P. betae and the BNYVV. Genes were classified
according to Mercator/MapMan4. Annotations comprised the National Center for Biotechnology Information Gene symbol and the MapMan4 annotation.
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pathway, potentially acting upstream to flavonoid and phenyl-
propanoid pathways, was induced. Phenylpropanoid, flavonoid,
and dopamine pathways were also globally stimulated, as
represented on KEGG maps in Supplementary Figures S3
and S4. Accordingly, all genes belonging to the LNK (night
light-inducible and clock-regulated) family were significantly
down-regulated only in the presence of BNYVV. LNK 1 and
LNK 2 are known to be co-repressors of the phenylpropanoid
pathway in A. thaliana (Zhou et al. 2017). Their repression
in sugar beet probably coincides with the activation of the
phenylpropanoid pathway. Flavonoid metabolism genes were
further classified using MapMan4 (Supplementary Fig. S5).
Most of them were up-regulated, mainly in the presence of
BNYVYV, including two chalcone synthases, a chalcone iso-
merase, a shikimate O-hydroxycinnamoyltransferase, and five
aureusidin synthases. The activation of the flavonoid pathway
and the accumulation of flavonoids was previously documented
in the rhizomania pathosystem (Fernando Gil et al. 2020; Webb
et al. 2020) and during gall formation by Plasmodiophora bras-
sicae on A. thaliana (Pisold et al. 2010). As observed here with
P. betae and BNY VYV, biosynthetic pathways downstream of the
shikimic acid were also reported to be up-regulated by Plas-
modiophora brassicae, including chalcone synthases. These ob-
servations could be related to the accumulation of antioxidants
and antimicrobials (Dao et al. 2011; Irani et al. 2018). Over-
expression of aureusidin synthases is probably involved a plant
reaction against BNY V'V, as aurones have been shown to inhibit
viral replication (Haudecoeur et al. 2011).

Other sugar beet genes encoding antimicrobial proteins were
influenced by the inoculation, such as a polygalacturonase-
inhibiting protein (PGIP) upregulated solely in P. betae to-
gether with BNYVYV, suggesting that the plant is trying to
counteract cell wall-degrading enzymes (Kalunke et al. 2015).
The downregulation of two antiviral protein alpha genes in P.
betae alone and P. betae together with BNYVV could benefit
BNYVV.

DEGs involved in pathogen detection
and plant-defense regulation.

A distinct plant-defense response was observed in plants inoc-
ulated with P. betae alone or with BNY VV-carrying zoospores.
Resistance gene analogues (RGAs) and TFs were systematically
monitored to further evaluate the regulation of genes putatively
involved in pathogen recognition and regulation of plant de-
fenses (Table 3; Supplementary Fig. S6). The expression of
644 RGA genes were recorded in this study. When P. betae

was inoculated alone, only four of these were significantly up-
regulated compared with 58 that were down-regulated. Inter-
estingly, some genes belonging to the wall-associated kinase
(WAK) and WAK-like protein family were repressed. WAKs
are thought to bind to pectin and could possibly have a role as
cell wall “sensors” (Kohorn and Kohorn 2012). Genes encoding
damage elicitor peptide (proPEP) and one TF involved in sym-
biosis signaling (ERN1) were also strongly down-regulated. The
global repression of RGAs with P. betae alone suggests that the
protist would be able to hijack host cell metabolism and that
defense signaling pathway repression likely plays a central role.
An increasing number of effectors of Plasmodiophora brassicae
have been reported in recent years (Bulman et al. 2018; Chen
et al. 2019, 2021; Galindo-Gonzalez et al. 2021; Hossain et al.
2021; Ludwig-Miiller et al. 2015; Pérez-Lopez et al. 2020, 2021;
Yuetal. 2019). In previous work, we also reported some P. betae
predicted proteins putatively involved in plant-defense interfer-
ence, such as ankyrin-containing proteins, PR-4 homologs, and
isochorismatases (Decroés et al. 2022). Like Plasmodiophora
brassicae, it is highly probable that P. betae uses effectors to sup-
press plant defenses. Their precise localization and action should
be further investigated. However, when BNYVV was transmit-
ted, 30 RGAs were significantly induced (vs. 49 repressed), in-
cluding genes encoding eight membrane receptor-like kinases
(RLK) (leucine-rich repeat [LRR]-transmembrane [TM]-serine-
threonine kinase [STK]), 14 cytosolic STKs (Pto), four RLK-like
proteins (RLP) (LRR-TM), and one CNL (coiled coil-nucleotide
binding site-LRR). Brassinosteroid insensitive 1-associated re-
ceptor kinase (BAK1) was significantly up-regulated solely in the
presence of BNYVV. These results reflect the stronger plant-
defense reaction when BNYVV is added to the pathosystem.
Here, P. betae genes encoding one ankyrin-rich protein as well
as proteases and other hydrolases were also up-regulated in the
presence of BNYVYV (Supplementary Table S2). These proteins
could be involved in P. betae—B. vulgaris interaction through the
catabolism of host compounds (Jashni et al. 2015).

The presence of P. betae and BNYVV also influenced the
expression of genes encoding TF. A summary of up- and down-
regulated TF families known to intervene with plant defenses is
presented in Table 4. Consistent with the results for RGA and
PR genes, TF expression was more strongly affected in plants
infected with the virus than with P. betae alone. TF from the
AP2/ERF, WRKY, and bHLH families were particularly influ-
enced when BNY VYV was transmitted. Notably, only four down-
regulated WRKY were found with P. betae alone, whereas nine
were up-regulated in the presence of BNYVV. TF from the MYB

Table 3. Differentially expressed genes belonging to resistance genes analogues (RGAs) in response to Polymyxa betae with or without beet necrotic yellow

vein virus (BNYVV)?
PB vs. C PBBN vs. C

RGA groups No. genes Down Up Total Down Up Total
Coiled coil-nucleotide binding site-leucine-rich repeat (CC-NBS-LRR) 27 4 0 4 4 1 5
Toll/interleukin-1 receptor-NBS-LRR 1 0 0 0 0 0 0
Receptor-like kinases (RLK) 128 5 0 5 10 8 18
RLK-like proteins 45 2 0 2 6 4 10
Cytosolic serine-threonine kinase 335 24 4 28 13 14 27
Ntir 2 1 0 1 0 0 0
Nltir 8 2 0 2 1 0 1
Nlcc 39 8 0 8 7 1 8
Ncc 15 1 0 1 2 1 3
CC-NBS 21 5 0 5 3 0 3
Additional putative RGAs without specific domains in exons 23 6 0 6 3 1 4
Total 644 58 4 62 49 30 79

2 Significant up- (up) and down-regulation (down) in comparison with mock-inoculated plants are summarized. RGAs were identified and classified by Dohm
et al. (2014) according to the presence of domains known to be involved in resistance to pathogens (Supplementary Fig. S6; Supplementary Table S6). PB =
plants infected with P. betae alone, C = mock-inoculated plants, and PBBN = plants infected with P. betae and BNYVV.

6 / Molecular Plant-Microbe Interactions



superfamily members also showed distinct regulation patterns
depending on the infection with P. betae and BNYVV.

The hormonal modulation underlying the activation of plant
defenses in the presence of BNYVV remains ambiguous. Jas-
monate synthesis and signal transduction pathways were poorly
influenced by inoculation. Salicylic acid (SA) signal transduc-
tion and ethylene biosynthesis pathway and response seem to be
induced in the presence of BNYVV (Supplementary Fig. S7).
This is consistent with the activation of multiple PR-/ and en-
dochitinase genes. Notably, four plant SAMT genes, coding for
enzymes involved in SA modification to its inactive methyl sali-
cylate form (MeSA), were repressed in the presence of BNYVV
and, to a lesser extent, with P. betae alone. The activation of a
SA-binding protein 2 (SABP2) gene, responsible for the conver-
sion of MeSA into SA (Forouhar et al. 2005), was also observed
with BNYVV. It was demonstrated that a secreted methyltrans-
ferase produced by Plasmodiophora brassicae (PbBSMT) con-
tributes to the susceptibility of A. thaliana to this plasmodio-
phorid through metabolization of SA in its methylated volatile
form (Bulman et al. 2018; Ludwig-Miiller et al. 2015). However,
no homolog of PbBSMT was found in the P. betae draft genome
(Decroés et al. 2022). The reduction of SA methylation could
induce a progressive local accumulation of SA, which would,
in turn, increase defenses in plant roots. Accordingly, the TGA4
gene, thought to encode a repressor of SA defenses responses
(Foley and Singh 2004), was also repressed.

Altogether, it seems that P. betae alone is able to suppress plant
defenses but that a strong plant reaction occurred in the presence
of BNYVV. Once a certain threshold is reached, the stress in-
duced by plant-defense reaction may have a detrimental effect
on P. betae, forcing the protist to switch to its resting spore life
stage. Supporting this hypothesis, we observed that the induction
of plant defenses was maximal after 14 days, at the same time as
the switch to the survival stage of P. betae that occurred mainly
in BNYV V-infected plants. This agrees with early observations
that BNY VYV preinfection inhibited subsequent development of
P. betae in sugar beet (Prillwitz and Schlosser 1992; Schlosser
1990). However, it should be noted that faster early root invasion
by the protist in the presence of BNYVYV could also result in a
lack of available free cells (not already containing P. betae struc-
tures) or resources to support further P. betae multiplication. In

Table 4. Differentially expressed genes belonging to defense related tran-
scription factor (TF) families in response to Polymyxa betae with or without
beet necrotic yellow vein virus (BNYVV) inoculation®

PB vs. C PBBN vs. C
TF genes Down Up Total Down Up Total
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2 A complete list can be found in Supplementary Table S7. Significant
up- (up) and downregulation (down) in comparison with mock-inoculated
plants are summarized. TF genes were classified according to MapMan4.
PB = plants infected with P. betae alone, C = mock-inoculated plants, and
PBBN = plants infected with P. betae and BNYVV.

this case, the protist is expected to enter the survival stage, as
observed when roots are heavily infected (Legreve et al. 1998).

Regulation of cell wall-related genes
in response to P. betae and BNYVYV infection.

Cell-wall remodeling is suspected to be involved in P. betae—
sugar beet interaction (Desoignies et al. 2014). It is also known
that BNYVYV influences sugar beet genes associated with cell
wall organization during auxin-triggered lateral root develop-
ment (Fernando Gil et al. 2018, 2020). Heat maps of the ma-
jor cell wall DEGs are proposed to illustrate the changes in
tripartite interaction (Fig. 4). Cell wall synthesis—related tran-
scriptome was mainly repressed in P. betae—infected roots com-
pared with mock-inoculated roots (Fig. 4A). Transcripts related
to proteins involved in cellulose synthase complex (CSC) (i.e.,
CSC-interactive protein and the catalytic component CesA),
in hemicellulose synthesis (two glucuronosyltransferase and
one xyloglucan galacturonosyltransferase), and in pectin syn-
thesis (xylogalacturonan xylosyltransferase) were significantly
down-regulated in comparison with mock-inoculated plants.
Genes coding for enzymes involved in hemicellulose modifica-
tion and degradation (endo-beta-1,4-mannanase/xylanase, xylan
O-acetyltransferase) and in pectin modification and degradation,
including pectin methylesterases and a beta-galactosidase, were
also significantly repressed in the presence of P. betae alone
(Fig. 4B). It was previously proposed that cell wall alterations
involving induction of pectin methylesterase and expansins in
A. thaliana are involved in Plasmodiophora brassicae gall for-
mation (Agarwal etal. 2011; Devos et al. 2006; Irani et al. 2018).
Cell-to-cell movement of P. betae is thought to happen either
through the release of zoospores inside the roots, through myx-
amoeboid movement of the protist, or both (Barr and Asher 1996;
Mithen and Magrath 1992; Tamada 2016). Both mechanisms are
thought to rely on cell wall-degrading enzymes and could ben-
efit from reduction of plant cell wall integrity. Here, several cell
wall peroxidases (PR-9 family), known to be involved in cell
wall lignification (van Loon et al. 2006), were also repressed
in both inoculation conditions, especially with P. betae alone
(Table 2). Moreover, extensin and cell wall glycoprotein—
encoding genes were clearly down-regulated following infec-
tion with P. betae alone (Fig. 4C). Notably, three extensin-1-like
genes were found in the top 20 of the most-downregulated genes
with P. betae alone in comparison with mock-inoculated plants
(Supplementary Table S4). Extensins were previously shown to
be involved in cell wall strengthening and root defenses, notably
against pathogenic oomycetes (Castilleux et al. 2020). These
repressions could be key for P. betae root colonization. The re-
pression of cell wall synthesis—related genes was less marked
in plants infected with BNYVYV, and several genes encoding
enzymes involved in cell wall modification were induced, espe-
cially with regard to pectin modification and degradation. Three
pectin acetyltransferase-, two pectin methylesterase-, and one
polygalacturonase (QRT2)-encoding genes were significantly
up-regulated. The expression levels of cell wall protein genes,
such as some expansins, were also higher in the presence of
BNYVV. The lateral root proliferation induced by BNYVV is
initiated by the conversion of root cells into meristematic cells
and involves the regulation of genes associated with cell wall
organization (Fernando Gil et al. 2018, 2020). Known regulated
genes include pectin methylesterases, polygalacturonases, and
expansins with BNYVV alone (Fernando Gil et al. 2020) (Sup-
plementary Table S3) and could influence cell wall biomechan-
ical properties such as rigidity (Wormit and Usadel 2018). In
particular, expansins were previously found to be up-regulated
after BNYVYV infection with or without the vector (Fan et al.
2015a; Fernando Gil et al. 2018; Schmidlin et al. 2008) as well as
in BNYVYV p25 protein—expressing transgenic A. thaliana roots
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(Peltier et al. 2011) and are associated with cell wall loosen-
ing during root hair and lateral root formation (Cosgrove 2015).
Taken together, these results highlight the probable importance
of cell wall-remodeling enzymes and proteins in the B. vulgaris—
P. betae—-BNY VYV interaction. The effect of BNYVV on cell wall
organization, including the likely loosening of the cell walls, ob-
served here and reported elsewhere (Fernando Gil et al. 2018,
2020) may have a beneficial effect for the development of P. be-
tae in the roots. Alterations in the cell wall to the benefit of the
plasmodiophorid was also suggested for Plasmodiophora bras-
sicae, which does not transmit viruses but induces the formation
of root galls (Devos et al. 2006; Malinowski et al. 2019).

Even though we did not observe transcriptional reprogram-
ming of genes involved in RNA silencing, the possibility re-
mains that P. betae would also benefit from the viral ability to
suppress host RNA silencing, mediated by the RNA2-encoded
P14 (Chiba et al. 2013), the noncoding RNA3 (Flobinus et al.
2016, 2018), and RNA4-encoded p31 (Rahim et al. 2007). The
RNA-dependent RNA-polymerase 6 (RDR6) silencing pathway,
thought to be targeted by P14 activity, was indeed previously
reported to participate in defense against bacterial and fungal
pathogens in rice (Wagh et al. 2016) and the upregulation of an
RDR6 homolog in sugar beet during P. betae early infection was
reported by Desoignies et al. (2014).

The hormonal modulation underpinning changes in the ex-
pression of a cell wall-related gene was also investigated.
DEGs involved in auxin and cytokinin balance were seen in our
study (Supplementary Fig. S7). As reported by Fernando Gil
et al. (2020), some genes involved in auxin synthesis from L-
tryptophan (YUCCA, tyrosine decarboxylase 1, aldehyde dehy-
drogenase) were up-regulated in the presence of BNYVV and

A Cell wall components biosynthesis

-- LOC104896138 - rhamnosyltransferase

- LOC109135832 - TED-type cellulose synthase CSC-interactive protein
LOC104895433 - TED-type cellulose synthase CSC-interactive protein
LOC104890904 - glucuronosyltransferase (GUX)

LOC104898104 -

galactur
LOC104893376 - TED-type cellulose synthase CSC-interactive protein
LOC104899148 - mannan synthase (CSLD)

LOC104898197 - xylogalacturonan xylosyltransferase

LOC104901966 - xylogalacturonan xylosyltransferase

LOC104896016 - catalytic component CesA of cellulose synthase complex
LOC104890845 - glucuronosyltransferase (GUX)

LOC104883439 - beta-1,4-galactosyltransferase

LOC104907917 - catalytic component CesA of cellulose synthase complex
LOC104907308 - mannan synthase (CSLA)

Cell wall proteins

LOC104908292 - beta-like-class expansin
LOC104898901 - cell wall glycoprotein

- LOC104891455 - cell wall glycoprotein

LOC104892376 - alpha-class expansin

LOC104889875 - xylogen-type arabinogalactan protein
LOC104908562 - LRR-domain extensin
LOC104905407 - cell wall glycoprotein
LOC104902474 - LRR-domain extensin
LOC104907731 - alpha-class expansin
LOC104902077 - alpha-class expansin
LOC104894519 - xylogen-type arabinogalactan protein
LOC104904256 - alpha-class expansin

LOC104892825 - beta-like-class expansin

also with P. betae alone, although not tyrosine decarboxylase
1. Consistent with the study by Schmidlin et al. (2008), our re-
sults confirmed the upregulation of auxin-binding protein genes.
Genes putatively involved in auxin transport (PIN and an auxin
transport regulator kinase [PINOID]) were also up-regulated,
but only in the presence of BNYVV. Conversely, three auxin
efflux transporter genes from a PIN-like family (PILS) were re-
pressed, especially in the presence of BNYVV. The influence
of inoculation on auxin-related genes was expected, since lat-
eral root proliferation induced by BNYVV was reported to be
controlled by auxin signaling due to the interaction of the vi-
ral P25 virulence factor with the auxin/indole acetic acid pro-
tein BvAUX28 (Fernando Gil et al. 2018). Interestingly, overex-
pression of PINOID was found to trigger lateral root formation
in A. thaliana mutants (Benjamins et al. 2001). On the other
hand, PILS action was reported to decrease auxin signaling in
A. thaliana roots. Moreover, pils knockout mutants displayed a
higher density of lateral roots, while overexpression of PILS in
root hairs led to a reduction of their growth (Barbez et al. 2012).
The regulation of genes related to auxin transport by BNYVV
could therefore be involved in the initiation of rthizomania symp-
toms. At the time of analysis, the “classical” cytokinin signal-
ing pathway was repressed in the presence of both P. betae and
BNYVV. As a matter of fact, histidine-kinase receptors (AHK)
genes were not regulated and AHP6, encoding a repressor of
AHK signaling, was induced. However, the cytokinin signal-
ing pathway activator gene (CKII) was strongly induced in both
inoculation conditions. In A. thaliana, CKI1 activates similar cy-
tokinin responses to AHK but in a cytokinin-independent manner
and is regulated by light perception (Deng et al. 2010; Dobisova
etal. 2017). The development of Plasmodiophora brassicae root

B Cell wall modification/degradation

- LOC104904208 - beta-galactosidase (BGAL)
LOC104900933 - pectin methylesterase 1

pectin methylesterase

polygalacturonase (QRT2) 0

pectin methylesterase

- LOC104888246 - pectin methylesterase -1

LOC104901699 - pectin methylesterase I _2

LOC104897228 - pectate lyase

and beta-D

LOC104901458 - bifunctional alpha-L- il (BXL)
LOC104905611 - pectin methylesterase

LOC104900900 - endo-beta-1,4-mannanase

LOC104888002 - pectate lyase

LOC104908825 - xyloglucan endotransglucosylase/hydrolase

LOC104897390 - non-catalytic polygalacturonase regulator

LOC104888546 - pectin acetylesterase

LOC104893152 - pectin acetylesterase

LOC104904928 - 1,2-alpha-fucosidase

LOC104888401 - bifunctional alpha-L- and beta-D-: il (BXL)

(BXL)

LOC104901578 - bifunctional alpha-L- Jase and beta-D-;

LOC104890609 - pectin acetylesterase

LOC104884234 - beta-galactosidase (BGAL)

LOC104894193 - bifunctional alpha-L- Jase and beta-D-; (ASD)
LOC104905743 - endo-beta-1,4-xylanase

LOC104898135 - endo-beta-1,4-mannanase

LOC109133536 - xylan O-acetyltransferase (XOAT)

LOC104889309 - pectin methylesterase

Fig. 4. Cell wall-related gene expression in sugar beet in response to Polymyxa betae with or without beet necrotic yellow vein virus (BNYVV) inoculation. A,
Heatmaps of differentially expressed genes related to cell wall components biosynthesis, B, cell wall proteins, and C, cell wall modification and degradation are
shown. Up- and downregulation are represented in red and blue, respectively. The scale is based on logy fold changes. C = mock-inoculated plants, PB = plants
infected with P. betae alone, and PBBN = plants infected with P. betae and BNYVV. Genes were classified according to Mercator/MapMan4. Annotations
comprised the National Center for Biotechnology Information Gene symbol and the MapMan4 annotation.
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galls is controlled by auxin and cytokinin pathways (Malinowski
etal. 2019). Similarly, these pathways seem to be key in P. betae—
BNYVV-sugar beet interaction.

Evidence for new physiological sinks in sugar beet roots.
The infection of B. vulgaris by P. betae results in the devel-
opment of plasmodia, sporangia, and, eventually, thick-walled
resting spores within host root cells. BNY VYV infection leads, in
natural conditions, to an abnormal production of lateral roots and
areduced sugar content in the taproot. Therefore, transcriptomic
changes related to a reorganization of carbohydrate metabolism
were expected in plants infected with P. betae and BNYVV.
The setup of physiological sink tissues was already reported
upon the attack of host plants by Plasmodiophora brassicae,
which induces root cell proliferation during gall development
(Malinowski et al. 2019; Siemens et al. 2011). In contrast, P. be-
tae does not cause galls, and our study reveals that no meaningful
reprograming of genes related to carbohydrate metabolism was
observed upon infection with P. betae alone. On the other hand,
clues of glucose shortage appeared in the presence of BNYVV
(Supplementary Fig. S8). In particular, genes for key enzymes of
the glyoxylate cycle, isocitrate lyase and malate synthase (MS),
were also strongly up-regulated in the presence of P. betae and
BNYVV. Only the malate synthase gene was significantly af-
fected by virus-free P. betae. The activation of the glyoxylate
cycle generally occurs when complex carbon sources are lack-
ing and allows use of acetate originated from fatty acids (FA)
beta-oxidation to produce glucose (Fan et al. 2015b; Lorenz and
Fink 2002). One SWEET transporter gene and one sucrose trans-
port protein gene were also significantly activated in the presence
of the virus. Two genes encoding a cell wall invertase and a vac-
uolar invertase were slightly induced only in the presence of
BNYVYV, in comparison with mock-inoculated plants. Such reg-
ulation was previously reported as enhancing sugar supply from
the phloem during the establishment of sink tissues (Tauzin and
Giardina 2014) and could be linked to lateral root proliferation
(Sergeeva et al. 2006). This effect may also contribute to the re-
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duced sugar content in diseased B. vulgaris taproots (McGrann
et al. 2009; Nieberl et al. 2017).

Lipid metabolism was also suspected to be influenced by in-
fection. A recent metabolome profiling study showed a modu-
lation of B. vulgaris root lipid composition following BNYVV
and P, betae inoculation (Webb et al. 2020). Moreover, the induc-
tion of several plant FA synthesis and elongation—related genes
was also reported in A. thaliana roots infected with Plasmodi-
ophora brassicae (Irani et al. 2018). Accordingly, our results
reveal that four and seven genes involved in FA synthesis were
slightly induced in plants infected with P. betae alone and in
the presence of BNYVYV, respectively, whereas none were sig-
nificantly repressed (Supplementary Fig. S9). Conversely, most
DEGs involved in complex lipid synthesis, such as glycerolipids
and phytosterols synthesis, were repressed, especially when
BNYVV was present. Five phospholipase-related genes were
significantly down-regulated in the presence of P. betae alone,
whereas five were down-regulated (PI-PLC and PLD-epsilon in
common) and two were up-regulated in plants inoculated with
virus-transmitting zoospores. One lipid droplets (LD) biogene-
sis factor gene (SEIPIN) was also strongly repressed only in the
presence of BNYVV. The repression of this gene can be linked
to the fact that the mean fluorescence of plant root cells (free of
P. betae structures), stained the LD-specific LD540 lipophilic
fluorescent dye, appeared higher in mock-inoculated plants
than in plants infected with P. betae and BNYVV (Fig. 5A).
Meanwhile, a considerable number of LD were observed by
confocal microscopy in all P. betae structures, especially spo-
rangia, independently of the presence of the virus (Fig. 5B).
The upregulation of some P. betae genes putatively involved
in lipid metabolism (predicted to code for two lipases and two
apolipoprotein domain—containing proteins) was, however, ev-
ident in the presence of BNYVV (Supplementary Table S2).
Interestingly, LD organization seems to differ between P. betae
life stages, being denser in sporangia and sporosori (Fig. 5B,
sections e to h) than in earlier life stages (Fig. 5B, sections a
to ¢). Abundant LD were previously observed in the exit tube

Fig. 5. A, Barplot of the mean fluorescence derived from lipid droplets (LD) in Beta vulgaris, and B, representative images of LD content observed in various
Polymyxa betae life stages without beet necrotic yellow vein virus (BNYVV). Roots were stained in vivo with the LD-specific dye LD540 and were observed
with a LSM710 confocal microscope. Data in A represent the means =+ standard deviation (n = 4) and significantly different levels were determined by -test
(two asterisks [**] for P < 0.01 and three [***] for P < 0.001). C = mock-inoculated plants, PB = plants infected with P. betae alone, and PBBN = plants
infected with P. betae and the BNYVV. P. betae structures visible in B are meronts (a), plasmodia (b, ¢), encysted secondary zoospores (d), sporosori (e, f), and

zoosporangia (g, h).

Vol. X, No. X, XXXX /9



of zoosporangia of P. betae (D’ Ambra and Mutto 1977) as well
as in zoospores of P. graminis (Barr and Allan 1982), in which
they are supposed to play a role in germination and host infec-
tion (D’ Ambra and Mutto 1977; Murphy 2012), but this is the
first time that they are reported in all stages of life. Notably, the
LD540 fluorescent dye appeared highly efficient to label P. be-
tae LD and could be tested with other plasmodiophorids. The
high content in LD is likely linked to energy storage in P. betae,
that could be mobilized for membrane extension or in case of
energy or carbohydrates shortage, as proposed for Plasmodio-
phora brassicae (Bi et al. 2016; Irani et al. 2019) and other fungi
(Murphy 2012). In the latter, transcriptomic changes associated
with lipid metabolism were also observed during resting spore
formation (Schwelm et al. 2015; Bi et al. 2016). Here, the reg-
ulation of lipid metabolism-related genes in the plant and in
P. betae coincides with a faster P. betae cycle, suggesting
that similar mechanisms could occur in both plasmodiophorids.
Whether P. betae is directly able to use host-derived FA or mainly
produce its own from nutrients absorbed from host cells remains
a question. Unlike Plasmodiophora brassicae, which probably
depends on the plant for FA synthesis, since its genome lacks FA
synthase genes (Schwelm et al. 2015), five putative FA synthase
genes were found in the P. betae transcriptome. These genes are
putatively involved in the lipid metabolic pathways.

Expression dynamics of selected sugar beet genes
at four timepoints after the infection by P. betae alone
and P. betae together with BNYVV.

The expression dynamics of selected genes involved in ox-
idative stress regulation and plant defenses was monitored 1, 7,
14, and 28 days after inoculation with P. betae with and with-
out BNYVV in an independent assay (Fig. 6). Results showed
a dynamic plant response depending on genes and treatments
(presence or not of P. betae with or without BNYVV). Only
a downregulation of one of these genes (one peroxidase,
BvPER44) was observed after 24 h but a significant upregulation
of most of the tested genes was initiated at 7 days, which peaked
after 14 days in the presence of BNYVV and decreased later. Re-
sults obtained by qRT-PCR in this assay followed a similar trend
than the results obtained in the RNA-seq analysis (e.g., BvPRIa,
BvGSTU,BvTPLI, BvSE2, BvRGA3) with some exceptions (e.g.,
BvAPX3, BvGRXS9, BvPER44), possibly associated with en-
vironmental variations between both assays. Interestingly, the
expression of Rboh and oxidative stress—response genes were
systematically lower in plants inoculated with P. betae alone
than with the virus-transmitting zoospores. The same trend was
observed with the selected PR genes (BvPRIa, BvTLPI1, BvSE2).
This confirms that the presence of BNYVYV is associated with a
stronger activation of plant defenses, even in timepoints preced-
ing the RNA-seq analysis.

MATERIALS AND METHODS

Biological material and bioassays.

Biological material and inoculum production. Two acces-
sions of Beta spp. were used, namely, Beta macrocarpa and
the double-haploid monogerm line KWS2320 of B. vulgaris
that was fully sequenced by Dohm et al. (2014). Seeds were
pregerminated on moistened germination paper (22°C, in the
dark) and were transplanted in tubes filled with sterilized quartz
sand. Tubes with B. macrocarpa and B. vulgaris KWS2320 were
then placed in individual flow-through collecting pots, were daily
amended with half-strength Hoagland solution (Hoagland and
Arnon 1950), and were maintained in a growth cabinet at 20
and 25°C (night and day) with a 14-h photoperiod. Plants of
Chenopodium quinoa were grown in individual pots filled with
compost and were placed in a greenhouse in the same conditions.
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The virus-free P. betae A26-41 monosporosorus-derived iso-
late, sequenced by Decroés et al. (2019), was multiplied in roots
of B. vulgaris plants grown in an automatic immersion system,
as described by Legreve et al. (1998), and were used to release
zoospores as previously described (Desoignies et al. 2011).

BNYVYV infectious clones pB15, pB214, pB35, and p45 con-
taining, respectively, the complementary DNAs (cDNAs) for
type B BNYVV RNAs 1, 2, 3, and 4 (Quillet et al. 1989;
Ziegler-Graff et al. 1988) were used in bioassays. The ini-
tial BNYVV RNA inoculum was produced by in vitro tran-
scription and was inoculated on C. quinoa leaves as described
by Crutzen et al. (2009). After the appearance of symptoms
(1 week), infected leaves were harvested and ground in phos-
phate buffer (50 mM KH, POy, pH 7). The resulting sap was used
for mechanical inoculation on B. macrocarpa leaves, using Car-
borundum as abrasive. Leaves from B. macrocarpa plants show-
ing systemic symptoms (14 to 21 days after inoculation) were
then ground in four volumes (wt/vol) of root inoculation buffer
(50 mM KH,POy4, 30 g of Carborundum per liter, 1 g of Na,SO;
per liter, pH 7) and were mechanically inoculated onto the root
systems of individual two-week-old B. macrocarpa seedlings,
using a protocol adapted from Koenig and Stein (1990). Briefly,
roots were individually vortexed two times for 30 s in inocula-
tion sap with 30 s on ice in between. The conservation of the sap
infectivity during the whole inoculation process was confirmed
by mechanical inoculation of C. quinoa leaves. Mock-inoculated
plants were obtained following the same procedure with a sap
produced from healthy B. macrocarpa leaves. Plants were trans-
planted in tubes and were grown under controlled conditions
(described above). Two weeks later, plants were inoculated with
1 ml of a suspension containing10* virus-free P. betae zoospores.
Virus-free plants were inoculated in the same way with P. betae,
and other plants were mock-inoculated using a suspension pro-
duced from healthy sugar beet roots. After 3 weeks of growth,
the B. macrocarpa were carefully extracted from the quartz
sand, 30 to 50 mg of roots were sampled to check their inoc-
ulation status (presence or absence of P. betae and BNYVV)
by RT-PCR (described below), and the plants were trans-
planted. After one more week, plants infected with both P. betae
and BNYVYV, plants with P. betae alone, and mock-inoculated
plants were used to release zoospores as previously described
(Desoignies et al. 2011). Ten thousand BNY'V V-transmitting and
virus-free zoospores were inoculated to three-week-old B. vul-
garis KWS2320 roots. Negative controls were mock-inoculated
with zoospore-free solutions produced with mock-inoculated B.
macrocarpa plants following exactly the same procedure, to
maintain uniform conditions between treatments. The general
scheme of viruliferous inoculum production is represented in
Figure 7.

Experimental design. Three bioassays comprising three
treatments—mock-inoculated sugar beet, sugar beet infected
with P. betae alone, and sugar beet infected with P, betae together
with BNYVV—were conducted. Each bioassay was performed
in two successive phases (Fig. 7). In the first phase, P. betae
zoospores inoculum carrying or without BNYVV were produced
on B. macrocarpa plantlets (19, 15, and 33 plants in bioassays
1, 2, and 3, respectively). This plant species was used for its
ability to be systemically infected and to multiply BNYVV. In
the second phase, susceptible B. vulgaris plantlets from strain
KWS2320 were inoculated with P. betae zoospores, carrying or
not the virus, produced in the first phase. In both first bioassays,
30 plants were inoculated with viruliferous zoospores, 20 plants
with virus-free zoospores, and 10 plants were mock-inoculated
with a “fake” zoospore suspension produced from healthy
B. macrocarpa. In the third bioassay, 80 plants (20 per timepoint,
discussed below) were inoculated with viruliferous zoospores,
48 plants (12 per timepoint) with virus-free zoospores, and



24 plants (six per timepoint) were mock-inoculated. For the first
two bioassays, the entire root systems of sugar beet plants were
collected at 28 dpi, were briefly washed in autoclaved water,
were quickly snap-frozen, fully homogenized in liquid nitrogen,
using a mortar and pestle, and were stored at —80°C until pro-
cessed. In the third bioassay, roots were collected after 24 h, and
7,14, and 28 days. At 14 and 28 dpi, two small portions (5 mm of
taproot and all lateral roots attached) of each root system were
excised for microscope observation. The rest was snap-frozen
and ground in liquid nitrogen with a mortar and pestle and was

stored at —80°C, as were the complete root systems collected at
1 and 7 dpi.

Nucleic acids extractions and RT-PCR.

For every sample, 30 to 50 mg of root powder were homoge-
nized, using FastPrep (MP Biomedicals, Santa Ana, CA, U.S.A.)
for 40 s at 6 m s~', and were used for total RNA extraction
using Trizol reagent (Invitrogen, Waltham, MA, U.S.A.) ac-
cording to the manufacturer instructions. RNA samples from
B. vulgaris were then treated with RQ1 RNase-free DNase
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Fig. 6. Reverse transcription quantitative PCR expression of five genes related to oxidative stress regulation (BvRboh, BvPER44, BvAPX3, BvGSTUS, BvGRXS9)

and seven plant defense genes (BvRGA3, BvPRIA, BvTLP1, BvSE2, BvJAZI, BvLOX5, BvUGT74G1) at 1,7, 14, and 28 days postinoculation. Data represent the
means =+ standard deviation and significantly different levels for each gene at each timepoint are indicated by different lower-case letters. C = mock-inoculated
plants, PB = plants infected with Polymyxa betae alone, and PBBN = plants infected with P. betae and the beet necrotic yellow vein virus (BNYVV).
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(Promega, Madison, WI, U.S.A.), were further purified with a
phenol/chlorophorm/isoamyl alcohol (124:25:1) solution, and
were kept in RNAse-free water at —80°C until needed. In the
third bioassay, 50 mg of root powder was also used for DNA
extraction at each timepoint, following a cetyltrimethylammo-
nium bromide extraction procedure (Brandfass and Karlovsky
2008) after homogenization in FastPrep for 40 s at 6 m s~'. The
presence of P. betae and BNYVYV in inoculated plants was then
verified using the multiplex reverse transcriptase PCR (Meunier
etal.2003),and BNY VYV infection was confirmed using simplex
RT-PCR targeting each of the four BNYVV RNAs in the first
two assays and RNA?2 in the third one (a list of primers is avail-
able in Supplementary Table S9). All RT-PCRs were performed
using M-MLYV reverse transcriptase as described by Desoignies
et al. (2014) and GoTaq G2 DNA polymerase (Promega) using
manufacturer instructions. The amplification reaction for sim-
plex RT-PCR comprised a first denaturation step at 95°C for
3 min, and then, 35 cycles of 30s at 95°C, 305 at 60°C, and 30s
at 72°C, and a final elongation step of 7 min at 72°C.

RNA-sequencing.

RNA quantity and purity were evaluated using a NanoDrop
1000 spectrophotometer and quality was visually evaluated after
electrophoresis on a denaturant RNA gel (0.65% formaldehyde,
1.2% agarose). Five (mock-inoculated and P. betae alone) or
six (P. betae together with BNYVV) biological replicates were
selected for RNA sequencing from the first bioassay (28 dpi)
based on RNA quantity and integrity as well as on the detection
of required inoculum components (P. betae, BNYVV RNAs 1,
2, 3, and 4). For each sample, 800 ng of RNA suspended in
25 ul of RNAse-free water was sent to Fasteris SA (Geneva,
Switzerland), which performed additional quantity and integrity
assessments, polyA selection and library preparation with the
TruSeq Stranded mRNA Library Prep kit (Illumina, San Diego,
CA, U.S.A)), and paired-end sequencing (2 x 100 bp) on a No-

vaseq 6000 platform (Illumina). Data analysis was performed
in-house.

Bioinformatics.

Fastq files containing paired raw reads were received from
Fasteris. An initial quality check was performed with FastQC
v.0.72 (Andrews 2010). Illumina adapters (ILLUMINACLIP:
TruSeq3) and quality trimming (sliding window 4bp; average
quality score >20) was achieved using Trimmomatic v0.36.5
(Bolger et al. 2014). Reads shorter than 20 nucleotides were
removed. Poly-G tails contaminations with a minimum length
of 10, commonly seen in NovaSeq/NextSeq data, were trimmed
with Fastp v.0.19.5 (Chen et al. 2018). The FastQC check was
repeated to confirm improvement.

RNA-seq data were aligned to the P. betae reference genome
(accession number ERZ3364346) using STAR v.2.7.3a in two-
pass mode (Dobin et al. 2013) with the following non-default
parameters: intron sizes were set to 15 minimum and 500 max-
imum, alignments with a ratio of mismatches to read length of
maximum 0.04 were considered, minimum overhang for novel
spliced alignments and annotated spliced alignments were set
to 8 and 1, respectively, maximum number of loci a read is al-
lowed to map was set to 20, maximum allowed gap between
two mates was 2,000. Unmapped reads were then aligned to the
Beta vulgaris reference genome (Dohm et al. 2014) (RefSeq as-
sembly accession GCF_000511025.2), with the same settings
except that intron sizes were adjusted to a minimum of 20 and a
maximum of 5,000, allowing the gap between two mates to be
adjusted to a maximum of 5,000. Since current P. betae genome
annotations greatly rely on in silico gene predictions with lim-
ited transcriptomic support, P. betae transcripts were assem-
bled using StringTie with default settings, except for the strand
information specified to “reverse (RF)” (Pertea et al. 2015).
All assembled transcripts were then merged with StringTie
merge mode and were aggregated with the available annotation
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Fig. 7. Schematic representation of the seven successive steps of the bioassay performed to produce sugar beets infected with Polymyxa betae and beet necrotic
yellow vein virus (BNYVV) from virus-free zoospores of the vector and BNYVYV inoculum (infected sap of Beta macrocarpa symptomatic leaves), including
virus-transmitting zoospore production on B. macrocarpa (1 to 4, upper part) and their inoculation on Beta vulgaris (5 to 7, bottom part). Timing is shown on
arrows. A summary diagram is shown at the bottom left. Bm = B. macrocarpa, Bv = B. vulgaris, Pb = P. betae, BN = BNYVV, Mock = inoculum produced
and inoculated with the same method but in absence of one or both Pb and BN.
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(Decroés et al. 2022) using GffCompare (Pertea and Pertea
2020), with default settings. Read counts on both genomes’
features were then computed with Htseq-count v.0.9.1 with
the “union” mode and the strandedness option set to “reverse”
(Anders et al. 2015). Open reading frames (ORFs) were pre-
dicted on P. betae assembled transcripts using TransDecoder
v3.0.1 (B. Haas and A. Papanicolaou, available online). The sin-
gle best ORF on each transcript was retained, prioritizing homol-
ogy searches (BlastP against SWISS-PROT; hmmscan against
Pfam) and ORF length. Translated peptide sequences were then
annotated with Trinotate v3.2.2 (Bryant et al. 2017). Differential
gene expression analysis was performed using the R software
with edgeR v3.28.1 and limma v3.42.2 R/Bioconductor pack-
ages as described by Law et al. (2018). Notably, lowly expressed
gene filtering and normalization with the trimmed mean of
M-values method were achieved using “filterByExpr” and “cal-
cNormFactors” functions in edgeR, respectively. Linear models
(Smyth 2004) combined with abundance-dependent and sample-
level weights (Law et al. 2014; Liu et al. 2015b) were fitted to
the data using the limma package with the “voomWithQuality-
Weights” function. The choice of this strategy was based on the
fact that multidimensional scaling plots showed some variability
between replicates (Liu et al. 2015a). DEGs of B. vulgaris were
determined from P values computed from empirical Bayes mod-
erated ¢ statistics, using the “treat” method (McCarthy and Smyth
2009) with a fold change (FC) of 1.2. DEGs of P. betae were
determined using an adjusted P value cutoff of 0.05 without FC
requirement. Plant genes were further annotated with Mercator4,
and DEGs were classified in functional context (e.g., pathways)
within MapMan4 (Schwacke et al. 2019) and the KEGG B. vul-
garis (Kanehisa et al. 2017) frameworks. RGAs were classified
according to Dohm et al. (2014). PR-like genes were searched
in B. vulgaris refseq-rna, using tBLASTn (E value < 1e-05)
with PR family founder proteins, coding as queries and manu-
ally refined, based on the reference B. vulgaris annotation. The
expression of selected gene groups was represented on heatmaps
with the pheatmap v1.0.12 R package. Other data were visual-
ized with the ggplot2 v3.3.2 R package.

P. betae microscopic observation.

Root samples from the third bioassay were used to assess
P. betae structure abundances at 14 and 28 dpi. To this end,
10 pieces of roots (approximately 5 mm long) were randomly
selected from two portions of each root system. These portions
were located at a midpoint of the taproot (called the “middle”
part) and at 1 cm below the collar (called the “upper” part).
The abundances of P. betae plasmodia, sporangia, and sporosori
were visually assessed in each root portion after cotton blue
lactophenol staining as described by Legreve et al. (1998), but
using a customized semiquantitative O to 5 scale, where 0 = no
infection, 1 = <10% cells infected by a particular development
stage, 2 = 10 to 30% cells infected, 3 = 30 to 50% cells infected,
4 = 50 to 70% cells infected, 5 = >70% cells infected. Then,
an infection index was calculated for each plant in the upper and
middle part of the roots using the following formulae: X; _ o (ni
*1)/Zi _ o> ni, where ni is the number of rootlets at infection level
i (from O to 5).

Four weeks after inoculation, five root pieces were randomly
selected from the middle part of the root system and were vac-
uum infiltrated with the LD540 lipophilic dye (Spandl et al.
2009) as described by Jurkiewicz et al. (2018). Roots were im-
mediately imaged in confocal microscopy with a pinhole of 1
airy unit (excitation 488 nm; Zeiss LSM 710, Zeiss, Thornwood,
NY, U.S.A.). Each image was captured using the same settings,
in order to allow comparison of LD-derived fluorescence in the
presence or the absence of BNYVV. LD fluorescence was quan-
tified in 10 optical fields distributed in five root pieces per sam-

ple, using the ZEN 2 (blue edition) image analysis software (Carl
Zeiss AG, Oberkochen, Germany).

RT-gPCR analysis.

In two bioassays, RT-qPCR analyses were carried out to quan-
tify the proportion of P, betae ITS transcripts in comparison with
the expression of B. vulgaris 18S gene after 28 days (primers are
listed in Supplementary Table S8). A qPCR targeting DNA tem-
plate of the same genes was achieved in a third bioassay at four
timepoints (1, 7, 14, and 21 days after inoculation). The relative
gene expression quantification of 12 genes of interest and two
reference genes was also achieved in this third assay. Moreover,
the relative gene expression quantification of 10 genes of interest
and two reference genes was also achieved on RNA extract used
in the RNA-seq analysis in order to confirm RNA-seq results.
The list of targeted genes and primers is available in Supplemen-
tary Table S9. When needed, cDNA was synthesized from 2 to
3 g of Dnase-treated RNA, using M-MLV reverse transcriptase
(Promega) and anchored oligo(dT),g primers or the correspond-
ing reverse primer for /7S and /8S amplifications. qPCR assays
were carried out using Takyon No ROX SYBR 2X MasterMix
blue dTTP (Eurogentec, Seraing, Belgium) on a CFX96 real-
time system (Bio-Rad, Hercules, CA, U.S.A.). For each sample,
a reaction was set up, with 10 pl of MasterMix, 0.5 1 of each
primer (20 uM), 7 pl of diethyl pyrocarbonate—treated water
and 2 pl of cDNA, using the following protocol: denaturation
step at 95 C for 7 min, then, 40 cycles of 30 s at 95°C, 30 s at
60°C, and 30 s at 72°C, and a final melting curve (55 to 9 °C with
a heating rate of 0.5°C per second). Each qPCR assay was per-
formed in two replicates. Reaction efficiency in each plate was
monitored through the establishment of standard curves, using
five serial dilution of target cDNAs in order to guarantee the
linearity of amplification over the samples quantification cycle
range. Only qPCR whose efficiency comprised 90 to 105% were
considered. Data analysis was performed using CFX Manager
software (Bio-Rad) and the R software using the 222 method
(Livak and Schmittgen 2001) and considering the MIQE rec-
ommendations (Bustin et al. 2009). Significantly different lev-
els were determined at each timepoint by ¢ test, applying a
Bonferroni correction for multiple testing.

Conclusions.

A soil-free BNYVV transmission protocol was successfully
applied to achieve a transcriptomic analysis of the tripartite inter-
action between P. betae, BNY VYV, and the sugar beet, revealing
that multiple pathways are involved. When inoculated alone, P.
betae attenuated the defense response of sugar beet, as shown
by the downregulation of defense-related genes belonging to
RGA, TF, and cell-wall peroxidase families and the upregu-
lation of genes involved in redox homeostasis, such as GSTs.
This could be associated with the absence of symptoms and sug-
gests that the interaction between the plant and the protist can
be described as commensalism (Bjorbekmo et al. 2020). The
regulation of plant genes involved with lipid metabolism, such
as FA synthase genes, were also observed during resting spore
formation and could be related to the production of numerous
LD observed in P. betae structures. After inoculation with vir-
uliferous zoospores, BNYVYV hastened the primary invasion of
B. vulgaris roots by P. betae, between 1 and 14 dpi. This faster
early multiplication of P. betae could be related to the regulation
of genes related to plant cell-wall integrity, not to mention the
effect of BNYYV suppressors of RNA silencing on the plant,
also beneficial for the protist. The upregulation of plant genes
related to defense signaling pathways as well as PR proteins and
phenolic compounds synthesis was also observed. The induction
of plant defenses was correlated with a quicker induction of the
resting spore stage of the protist.

Vol. X, No. X, XXXX /13



These results will help in deciphering the highly dynamic in-
teraction between the three different partners at different stages
of the infection process, as indicated by expression changes al-
ready noticed. It provides an additional example of how a virus,
BNYYYV, is able to manipulate its host plant, sugar beet, and its
vector, Polymyxa betae, to improve its transmission, thus ensur-
ing its survival, as already shown for insect-transmitted plant
viruses (Blanc and Michalakis 2016; Ziegler-Graff 2020).

Data availability.

[llumina raw reads are deposited at the European Nucleotide
Archive (ENA) under accession numbers ERR7334425 to
ERR7334440 in BioProject PRIEB48689.
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