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Abstract

Plant defense responses to the soil-borne fungus Verticillium longisporum causing stem stripe disease on oilseed
rape (Brassica napus) are poorly understood. In this study, a population of recombinant inbred lines (RILs) using
the Arabidopsis accessions Sei-0 and Can-0 was established. Composite interval mapping, transcriptome data, and
T-DNA mutant screening identified the NITRATE/PEPTIDE TRANSPORTER FAMILY 5.12 (AtNPF5.12) gene as being
associated with disease susceptibility in Can-0. Co-immunoprecipitation revealed interaction between AtNPF5.12
and the MAJOR LATEX PROTEIN family member AtMLP6, and fluorescence microscopy confirmed this interaction
in the plasma membrane and endoplasmic reticulum. CRISPR/Cas9 technology was applied to mutate the NPF5.12
and MLP6 genes in B. napus. Elevated fungal growth in the npf5.12 mip6 double mutant of both oilseed rape and
Arabidopsis demonstrated the importance of these genes in defense against V. longisporum. Colonization of this
fungus depends also on available nitrates in the host root. Accordingly, the negative effect of nitrate depletion on
fungal growth was less pronounced in Atnpf5.12 plants with impaired nitrate transport. In addition, suberin staining
revealed involvement of the NPF5.12 and MLP6 genes in suberin barrier formation. Together, these results demon-
strate a dependency on multiple plant factors that leads to successful V. longisporum root infection.
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Introduction

Plant roots grow in a complex soil matrix while competing the roots, known as the rhizosphere, where numerous pro-
for space, water, and nutrients with a plethora of organisms. cesses occur that are important for the availability and distri-
Microbial activities are most intensive in the zone surrounding  bution of nutrients and their subsequent uptake into the plant

Abbreviations: BiFC, bimolecular fluorescence complementation; dpi, days post-inoculation; MLP, major latex protein; NPF, nitrate/peptide transporter; RIL, recom-
binant inbred line; SA, salicylic acid.
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root. While many components of the rhizosphere microbiome
are beneficial to plant growth, several plant pathogenic micro-
organisms are attracted to this nutrient-rich environment.
Soil-borne plant pathogens comprise vast organism groups
and species of bacteria, fungi, oomycetes, plasmodiophorids,
insects, and nematodes, all of which use survival in the bulk
soil as a part of their disease cycle. During their biologically
active phase, these soil organisms frequently feed on or in-
fect plant roots to start new rounds of multiplication. These
general characteristics apply to members of the fungal genus
Verticillium. Verticillium dahliae and 17 albo-atrum are common
fungi with a broad host range. Together, these two fungi in-
duce disease in more than 200 dicotyledonous plant species
(Pegg and Brady, 2002). In contrast, I longisporum primarily
infects plants of the family Brassicaceae, including Arabidopsis
(Tjamos et al., 2005; Johansson et al., 2006b). Verticillium lon-
gisporum produces hardy melanized microsclerotia. They are
released into the soil from infected plant residues at the end of
the disease cycle, where they remain dormant for many years
until suitable germination conditions occur. Based on the cur-
rent understanding of plant infection processes, hyphae from
germinating microsclerotia colonize root tissues, followed by
penetration of root epidermal cells and entry into xylem ele-
ments (Zhou et al.,2006; Eynck et al., 2007). The xylem is nu-
trient poor, and to adapt to such an environment, I longisporum
may acquire necessary nutrients via digestion of host cell walls
and induction of ion leakage from neighboring cells (Singh
et al., 2010; Klosterman et al., 2011; Yadeta and Thomma,
2013). In the xylem, fungal metabolites and possibly occlu-
sion of xylem tissues by the fungus may lead to premature
senescence (Zhou et al., 2006; Eynck et al., 2007). Fungal in-
fection and progression in Brassica species are processes known
to be slow and to advance without obvious external symp-
toms (Depotter et al., 2016). Occasionally, one-sided chlorosis
of the leaves is observed before abscission. When the flowering
stage is initiated in the host plant, the fungus starts to produce
microsclerotia that protrude into the plant tissue and become
visible as black spots, particularly on stems or stubble after har-
vest (Heale and Karapapa, 1999; Johansson et al., 2006a). This
long period of latent or invisible infection and the clear disease
symptoms at late growth stages contribute to the underestima-
tion of the disease incidence of this pathogen. Data reported
thus far on losses in oilseed rape range between negligible
and 50% (Dunker ef al., 2008; Depotter et al., 2019). In geo-
graphic regions where blackleg (Leptoshpaeria maculans) is also
a problem, additive losses of oilseed rape are observed (Wang
et al., 2023).

Transport of nitrate, the main nitrogen source for plants, from
the soil into root cells involves the activity of several specific
membrane transporters (Miller et al., 2007). Nitrate is stored in
the vacuole or further processed into ammonium and amino
acids followed by translocation via xylem and phloem tissues to
aboveground sink organs (Islam ef al., 2022). Transmembrane
nitrate and peptide transporters in plants are divided into three
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families: the ATP-BINDING CASSETTE (ABC) super-
family (Kang et al., 2011), the NITRATE TRANSPORTER/
PEPTIDE TRANSPORTER (NTR/PTR) family (Rentsch
et al., 2007), and the OLIGOPEPTIDE TRANSPORTER
(OPT) family (Lubkowitz, 2011). Members of the ABC trans-
porter family, which in Arabidopsis consists of more than 120
proteins, hydrolyse ATP to drive transport of substrates rang-
ing from small ions to large macromolecules predominantly
out of the cytoplasm. In contrast, NTRs/PTRs and OPTs are
proton-coupled symporters that transport substrates in the op-
posite direction (Schaaf et al., 2004; Osawa et al., 2006; Kurt
and Filiz, 2022). The OPT family comprises 17 members in
Arabidopsis, transporting tetra- and pentapeptides as well as
glutathione (Lubkowitz, 2011). The NTR/PTR family is
more complex and has over time been named PROTON-
COUPLED OLIGOPEPTIDE TRANSPORTER (POT),
PEPTIDE TRANSPORTER (PepT/PTR), or SOLUTE
CARRIER 15 (SLC15). The revised nomenclature is now
based on the phylogenetic relationships of NRT1/PTR family
members in 31 sequenced plant genomes (Léran et al., 2014):
NPF (NRT1/PTR FAMILY), with individual members iden-
tified by numbers based on their position among the eight
identified subfamilies. Arabidopsis NPFs are phylogenetically
divided into four clades (Nour-Eldin et al., 2012; Léran et al.,
2014). At least 20 NPFs are characterized as low-affinity nitrate
transporters, including NPF5.12 (He ef al., 2017; Kanstrup and
Nour-Eldin, 2022). All NPF proteins contain 12 transmem-
brane domains connected by short protein loops, as revealed
by 3D crystal structures of prokaryotic homologs (Solcan ef al.,
2012; Guettou et al., 2013) and the structure of Arabidopsis
NRT 1.1 (Parker and Newstead, 2014; Sun ef al., 2014).

In this study, we performed crossings between two contrast-
ing Arabidopsis accessions in combination with single nucleo-
tide polymorphism (SNP) genotyping, transcriptome data, and
T-DNA insertion mutant screen to identify the nitrate/pep-
tide transporter gene AtNPF5.12 as participating in defense
responses to I longisporum. Co-immunoprecipitation experi-
ments and bimolecular fluorescence complementation (BiFC)
microscopy revealed interaction between AtNPF5.12 and a
MAJOR LATEX PROTEIN (AtMLP6) in the plasma mem-
brane and the endoplasmic reticulum. Arabidopsis and B. napus
plants with NPF5.12 and MLP6 mutations showed enhanced
susceptibility to 17 longisporum. The two genes were also found
to participate in processes that strengthen the endodermal su-
berin barrier, suggesting multiple MLP6 functions.

Materials and methods

Arabidopsis materials and growth conditions

Arabidopsis accessions Col-0 (N1092), Can-0 (N1064), Sei-0 (N1504),
and homozygous T-DNA insertion mutants (Alonso et al., 2003;
Supplementary Table S1) were grown hydroponically (Fradin et al.,2011)
or in soil (Bohman ef al., 2004) at a light intensity of 100 pmol m ™2 s~
and a temperature of 21 °C (light) and 16 °C (dark).

202 4990J00 £ UO Jasn wioysay YN AUBIOL AQ 0SG8592/8¥ L P/ L/G./o1o1E/qxX/ W00 dno"dlWepede//:sd)y Woly papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae185#supplementary-data

4150 | Dolfors et al.

Fungal isolates, Arabidopsis inoculation, and quantification

Verticillium longisporum isolate VL1 (Fogelqvist et al., 2018) was used for
all inoculations, except for monitoring of fungal colonization, for which
a green fluorescent protein (GFP)-tagged isolate of 17 longisporum V143
(Eynck et al., 2007) was used. Soil-based inoculation was performed
as previously described (Roos et al.,, 2014). Disease symptoms were
monitored for up to 4 weeks. In gene expression experiments, roots of
2-week-old plants grown in vitro were dipped in a 10* conidium ml™
suspension and transferred to fresh Murashige and Skoog (MS) plates
without sucrose. Root materials were collected at 2 days post-inoculation
(dpi) in biological replicates with >20 plants in each sample. For fungal
quantification, 2-week-old hydroponically grown Arabidopsis plants
were dipped in 10* conidium ml™" suspension for 30 min in a separate
container, and transferred back to the hydroponic culture, which was
continued. At 14 dpi, the roots were rinsed in water and 70% ethanol to
remove potential external fungal growth, snap frozen in liquid nitrogen,
and stored at —70 °C.Total DNA was extracted from the root materials
using GeneJET Plant Genomic DNA Purification Kit (Thermo Fisher
Scientific, Waltham, MA, USA). qPCR primer efficiency and specificity
were assessed according to Schmittgen and Livak (2008). The sequences
of the primers used are listed in Supplementary Table S2.

Recombinant inbred lines and plant phenotyping

The parental lines Can-0 (susceptible) and Sei-O (resistant) were crossed,
and individual F, offspring were self-fertilized until the Fg generation.
Recombinant inbred line (RIL) plants (Fg) growing in soil were infected
with 17 longisporum as described above, and disease symptoms were scored
as follows: 0, no symptoms, control; 1, discoloration of leaf vascular tissues
starting to appear; 2, plants reduced in size and chlorosis starting to de-
velop compared with control; 3, plants chlorotic and significantly stunted
compared with control (Supplementary Fig. S1). Each RIL was infected
at least three times, and the disease phenotype was determined by using a
minimum of 20 inoculated plants per replicate.

SNP genotyping, QTL, and array analyses

DNA from each RIL were extracted using the cetyltrimethylammo-
nium bromide extraction method (Doyle and Doyle, 1987). SNP mark-
ers capable of distinguishing between Can-0 and Sei-0 were previously
published (Kover et al., 2009) or designed from 1001 Genomes 250k
SNP data (Horton ef al., 2012) and used in a GoldenGate Genotyping
Assay (Illumina, San Diego, CA, USA) with SNP Technology Platform
at Uppsala University Hospital (Uppsala, Sweden). The resulting SNP
genotypes were combined into a genetic map using MAPMAKER /EXP
software (Lander ef al., 1987). Quantitative trait locus (QTL) analysis was
performed with composite interval mapping implemented in QGene
software (Joehanes and Nelson, 2008). A permutation test of 1000 repli-
cates was run to determine the significance of the QTLs identified. Col-
0, Can-0, and Sei-0 genome sequences were compared using Genome
Express Browser 3.0 (http://signal.salk.edu/atg1001/3.0/gebrowser.
php). Genes present in the QTL region were compared with genes differ-
entially expressed in an Affymetrix ATH1 genome array based on mock
(water) and I longisporum-inoculated Col-0 and ndr1-1 mutant plants at 2
dpi (GEO accession GSE62537) (Roos et al., 2015). Microarray analysis
was performed in R (R Core Team, 2016) and normalized and back-
ground corrected using the robust multiarray analysis method (Irizarry
et al., 2003), as implemented in the package affy v1.50.0 (Gautier et al.,
2004). Low-signal and low-variance probe sets were filtered. In the final
step, the probe sets were required to have at least one sample with a
normalized intensity above log,(100) and an interquartile range of log,
intensities of at least 0.2. Differentially expressed genes were determined
using Student’s t-test with empirical Bayes moderation of standard errors,
as implemented in the R package limma v3.28.21 (Ritchie et al., 2015).

The significance threshold was set at P<0.05 (P-values adjusted for mul-
tiple testing using the correction of Benjamini and Hochberg, 1995).
A heatmap was produced using the ggplot2 v2.1.0 package (Wickham,
2009).

RNA isolation and quantitative real-time PCR

Total RNA was isolated from Arabidopsis plants using Qiagen R Neasy
Plant Mini Kit (Qiagen Sciences Inc., Germantown, MD, USA). cDNA
was synthesized with a qScript cDNA Synthesis kit (Quanta Biosciences,
Gaithersburg, MD, USA). Quantitative real-time PCR was performed
with Fermentas Maxima SYBR Green/Fluorescein qPCR. Master Mix
(Thermo Fisher Scientific). Gene-specific primers were designed using
Primer3 (Rozen and Skaletsky, 2000), and expression was normalized to
the ACTIN2 gene in Arabidopsis (Supplementary Fig. S2). All primers
used are listed in Supplementary Table S2. Transcript data were analysed
with the comparative C; method (Livak and Schmittgen, 2001), and
quantitative reverse transcription PCR efficiency correction was deter-
mined from the slope of standard curves.

Plasmid construction and Arabidopsis transformation

Arabidopsis cDNA or gDNA target sequences were PCR amplified with
Phusion DNA polymerase (Thermo Fisher Scientific) and cloned into
the pCR8/GW/TOPO cloning vector (Thermo Fisher Scientific) fol-
lowed by sequencing. Confirmed inserts were introduced into suitable
destination vectors using the Gateway system (Thermo Fisher Scientific).
The primers and vectors used are provided in Supplementary Table S3.
Final p35S:AtNPF5.12, p35S:AtNPF5.12-His, p35S:AtNPF5.12-GFP,
pAtNPF5.12:AtNPF5.12-His,  pAtNPF5.12:AtNPF5.12-GFP, and
p35S:AtMLP6 constructs were transformed into Agrobacterium tumefaciens
strain C58, followed by transformation of Col-0, Atnpf5.12 or Atmlp6
plants using the floral-dip method (Davis et al., 2009). Confirmed T,
lines were used for GFP analyses; T3 homozygous complementation lines
were used for inoculation assays. At least three independent transgenic
lines per construct were used for the analyses. F, plants were selected on
MS medium with 50 pg ml™! kanamycin. Data on independent trans-
genic line 2 and 3 for each construct are compiled in Supplementary
Table S4.

Protein extraction, immunoprecipitation, and mass spectrometry

Total proteins were extracted from leaves of p35S:NPF5.12-His trans-
genic Arabidopsis plants using extraction buffer [50 mM Tris-HCI pH
7.4,10 mM EDTA, 0.1% Triton X-100, and 1 pl ProteoBlock protease
inhibitor cocktail (Thermo Fisher Scientific)]. For western blotting, 10 pg
of total protein crude extract was separated by 12% SDS-PAGE, followed
by electrotransfer to a polyvinylidene difluoride membrane. A primary
anti-His antibody (Thermo Fisher Scientific) and peroxidase-conjugated
secondary antibodies (goat anti-rabbit IgG, rabbit anti-mouse IgG, Dako,
Glostrup, Denmark) were used, followed by chemiluminescence detec-
tion (GE Healthcare, Pittsburgh, PA, USA). For immunoprecipitation,
crude extracts were incubated with the anti-His antibody overnight at
4 °C, followed by a 90 min incubation with Protein A Sepharose 4 Fast
flow beads (GE Healthcare) and subsequent washes with immunopre-
cipitation washing buffers A (50 mM Tris pH 8.0, 150 mM NaCl, 0.1%
Triton X-100) and B (50 mM Tris pH 8.0, 0.1% Triton X-100). The
washed beads were separated by 12% SDS-PAGE followed by colloidal
Coomassie staining. Candidate protein bands were excised and analysed
by matrix-assisted laser desorption/ionization tandem mass spectrometry
(MALDI-MS/MS) using an Ultraflex III TOF/TOF (Bruker Daltonics,
Coventry, UK).The Mascot program (http://www. matrixscience.com/)
was used to compare the resulting MS/MS spectra against an Arabidopsis
subset in the NCBI database for identification.
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In silico analyses and protein modeling

The Arabidopsis amino acid sequence of AtNPF5.12 was analysed using
TMHMM v.2 software (Krogh ef al.,2001). The NetSurfP (Petersen et al.,
2009) and Phyre2 (Kelley and Sternberg, 2009) servers were used to build
three-dimensional structure predictions of AtNPF5.12 and AtMLP6
using default settings.

Cellular localization and bimolecular fluorescence
complementation

Cellular localization of AtNPF5.12 was monitored using fluores-
cence microscopy of transgenic p35S:AtNPF5.12-GFP Arabidopsis
plant roots and 2-week-old Nicotiana benthamiana leaves infiltrated with
Agrobacterium harboring the pAtNPF5.12:AtNPF5.12-GFP construct.
Co-infiltration with mCherry-tagged markers (Takara) for the plasma
membrane and endoplasmic reticulum (Nelson ef al., 2007) was used
to support data on subcellular localization. For BiFC analysis (Li et al.,
2010), AtNPF5.12 and AtMLP6 cDNAs were PCR amplified with
the primers listed in Supplementary Table S3. Fragments were ligated
into the pCR8/GW/TOPO entry vector and sequenced, followed by
transformation into Gateway-compatible BiFC vectors (pSITE:nEYFP-
C1 and pSITE:(EYFP-C1). The final pSITE:(EYFP-AtNPF5.12 and
pSITE:nEYFP-AtMLP6 plasmids were transformed into Agrobacterium
strain GV3101. Agrobacteria harboring the two different plasmids were
co-infiltrated into N. benthamiana leaves at a 1:1 (v/v) ratio and imaged at
4 d post-infiltration (Schiitze et al., 2009).

Brassica napus genome editing

Orthologous genes in B. napus were located using NCBIBLASTP (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) with AtNPF5.12 (NP_177359.1) and
AtMLP6 (NP_194098.1) as queries. Conserved regions in exon 1 for
BnMLP6 loci and exons 3 and 4 for BuNPF5.12 loci were targeted
by single-guide RNAs (sgRNAs) (Supplementary Table S5). CRISPys
(Hyams et al.,2018) and CRISPR MultiTargeter (Prykhozhij et al.,2015)
were used to locate suitable sgRINAs, and off-targets were predicted by
Cas-OFFinder (Bae et al.,2014). Four mutant combinations were created:
two independent lines of quadruple BnNPF5.12, two independent lines
of 14-fold BnMLP6 and one quadruple BuNPF5.12/octuple BnMLP6
line and a quadruple BnNPF5.12/14-fold BnMLP6 line. Bunpf5.12-1,
Bunpf5.12-2, Bamlp6-1, Bamlp6-2, Banpf5.12/Bnmlp6-1, and Banpf5.12/
Bumlp6-2 were used (Supplementary Table S6). Dual sgRINA cassettes
were cloned into the destination vector pHSE401 (Xing et al., 2014).
Phusion High-Fidelity PCR Master Mix with HF Buffer (Thermo
Fisher Scientific) was used to amplity sgRINA and plasmid adapters. The
final plasmids were transformed into Agrobacterium Gv3101 carrying the
disarmed Ti plasmid pMP90 with the freeze-thaw method (Weigel and
Glazebrook, 2006).

Brassica napus transformation

Transtormation of B. napus hypocotyls (cv. Kumily) and plant regenera-
tion were based on Schroder et al. (1994), with the modifications listed
below. Information about different media is provided in Supplementary
Table S7. Etiolated hypocotyl segments were dissected in M1 medium,
rapidly transferred to M1 medium containing 4 X 10°% Agrobacterium cells
ml™" and incubated for 30 min at room temperature. The hypocotyls
were left overnight at 28 °C followed by 2 d in a 24 °C darkroom on
callus-inducing medium (M2). Antibiotics were then added for 3 weeks
to allow for selection (M3). Calli were maintained on shoot regeneration
medium (M4) with antibiotics 4-8 weeks and selection-free M4 me-
dium for an additional 8 weeks. Shoots were transferred to glass jars with
rooting medium (M5) for 10 d prior to soil transfer. Plants of generation
T, were screened for the presence of the Hyg transgene by PCR, and T
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plants were sequenced at targeted loci (Supplementary Table S8) and used
for fungal inoculation. Gene-specific sequencing primers were produced
with NCBI Primer-BLAST applied to B. napus genome assembly AST_
PRJEB5043_v1.The primers used for cloning, PCR and sequencing are
listed in Supplementary Table S9.

Fungal inoculation of Brassica napus

Brassica napus plants were grown hydroponically (Jambagi and Dixelius,
2023) at a constant temperature of 22 °C with 120 pmol m 2 5" light
intensity. The optimal I longisporum inoculum for hydroponic culture of
B. napus was determined to be 4 X 10°> ml™" (Supplementary Fig. S3).
Two-week-old plants were dipped in the fungal spore suspension for
30 min and transferred to the hydroponic culture. Root materials were
collected after 7 d, washed in 70% ethanol, and frozen in liquid nitrogen.
At least four biological replicates, each with 10 plants, were prepared.
The DNA extraction, qPCR settings, and calculations were performed
as previously described (Martin ef al., 2011). All primers used are listed in
Supplementary Table S2.

Nitrogen depletion

Arabidopsis plants were grown in full-strength hydroponic medium
containing nitrogen or in nitrogen free-medium in which KNO; was
replaced with 1.75 mmol 17! K,SO,. Ammonium nitrate (NH,NO3) was
removed.

Suberin staining and quantification

Histochemical staining of suberin was performed on 21-day-old
Arabidopsis and 14-day-old B. napus roots at 7 dpi or with water
(mock) treatment. The staining was performed according to Barberon
et al. (2016), except that a lower concentration (0.02% w/v) of Fluorol
Yellow 088 (Santa Cruz Biotechnology, Dallas, TX, USA) was used.
Fluorescence intensity data were collected from confocal laser scanning
microscope images using Image] v1.53t. Corrected total cell fluorescence
(CTCF) was calculated as CTCF = F; — AF;, where [ is the integrated
density of fluorescence intensity, A is the area measured, and Fj is the
mean background fluorescence intensity of the selected area (McCloy
et al., 2014).

Salicylic acid measurements

Salicylic acid (SA) was quantified using ['*C,|SA as an internal standard
following the protocol by Ratzinger et al. (2009). Free SA content in hy-
droponically grown Col-0, Atnpf5.12, and Atmlp6 plants inoculated with
VL1 or mock-treated (water) were analysed at 2 dpi.

Confocal microscopy

Fluorescence microscopy images were captured with a Zeiss 780 con-
focal scanning microscope using Zen2011 software. The excitations/
emissions for each channel were as follows: GFP (488/493-530 nm),
Fluorol Yellow 088 (488/410-534 nm), yellow fluorescent protein (YFP)
(514/518-560 nm), chlorophyll (633/647-721 nm), and mCherry
(561/600-650 nm). The red color of mCherry was replaced with ma-

genta in all images.

Statistical analyses

Statistical analyses for transcript accumulation, fungal DNA content and
Fluorol Yellow 088 signal intensity were performed in R (https://www.r-
project.org/). Statistical differences were determined using Student’s
t-test, except that one-way ANOVA and Tukey’s multiple comparisons
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of means were applied for multiple group comparisons. The significance
level was set at 95%.

Results

A QTL on Arabidopsis chromosome 1 is associated
with V. longisporum disease resistance

In an effort to identify defense genes against 17 longisporum,
genetic variation between two Arabidopsis accessions was uti-
lized in a gene mapping approach. In a previous screen with
V7 longisporum (Johansson et al., 2006b), the accessions Can-0
from the Canary Islands (Spain) and Sei-O from Seis am
Schlern (Italy) were identified as being highly susceptible and
most resistant, respectively (Fig. 1A, B). Can-0 and Sei-0 were
therefore used as parental genotypes to produce RILs. This ap-
proach resulted in a set of 119 RIL individuals screened for
their response to I longisporum. To identify genomic regions
linked to disease symptom differences, the RILs and the pa-
rental accessions were genotyped with a set of 143 SNP mark-
ers (Supplementary Dataset S1) using an Illumina Golden Gate
assay. The genetic mapping and QTL analyses revealed a single
QTL (logarithm of the odds=11) located on chromosome 1
to be associated with disease resistance (Supplementary Fig.

S4A, B).

Chromosomal comparison between Can-0 and Col-0

We compared the genome sequence of Can-0 (Gan et al.,2011)
with Col-0 in the mapped region between Atlg71697 and
At1g80640 to find divergent sequences. A total of 918 genes
are present in this region in Col-0. BLAST searches against the
Can-0 genome with these genes as query sequences revealed
strong homology between the two genomes; the differences
comprise 78 genes absent in the Can-0 genome compared
with Col-0. Extended BLAST searches and comparison with
RNA sequence data from Can-0 (Gan ef al., 2011) revealed
that 75 of the 78 genes are present in other locations outside
the mapped region in the Can-0 genome. Two adjacent genes
coding for typical resistance proteins of the Toll/interleukin-1
receptor—nucleotide binding site—leucine-rich repeat cate-
gory (At1g72840 and At1g72850) are absent in the genomes
of Can-0 and Sei-O (https://1001genomes.org). A third gene
(At1g76960) with unknown function but with a WRKY40
binding motif harbors indels in Can-0 and Sei-O compared
with Col-0. No differential expression of the three genes was
detected in Col-0 samples, with transcripts being entirely ab-
sent in Can-0 and Sei-0 plant materials.

AtNPF5.12 contributes to V. longisporum defense

To identify important gene candidates, we continued the
analysis by exploiting an array dataset (GEO accession
GSE62537) between mock- and fungus-inoculated Col-0

and the NON-RACE SPECIFIC DISEASE RESISTANCE
1 (Atndrl) mutant (Roos et al., 2015). Twelve differentially
expressed genes were identified in the QTL region on chro-
mosome 1 (Supplementary Fig. S5). When analysing the tran-
script levels of these potential candidates, the nitrate peptide
transporter AtNPF5.12 (At1g72140) was non-responsive in
Sei-0 at 2 dpi and down-regulated in Can-0 (Fig. 1C), indicat-
ing that this gene might contribute to the differential 17 lon-
gisporum response observed in the two RIL parents. Similarly,
AtNPF5.12 transcription was down-regulated in Col-0 at 2
dpi (Fig. 1D). Transcript accumulation of the closely related
genes AtNPF5.11, AtNPF5.13, AtNPF5.14, and AtNPF5.16
was not altered at 2 dpi compared with mock-treated plants
(Supplementary Fig. S6). Three independent T-DNA in-
sertion lines were examined (Supplementary Table S1), and
SAIL_168_G10, hereafter denoted Atnpf5.12, was selected for
further analysis. When the Afnpf5.12 mutant was inoculated
with I7 longisporum, only slightly enhanced disease symptoms
compared with Col-0 were observed (Fig. 1E). However, a
5-fold elevated level of fungal DNA was detected at 14 dpi.
This molecular phenotype reverted to wild-type levels in a
genetic complementation line harboring pAtNPF5. 12,
0:AtNPF5.12¢,,,. which suggests that a recognition factor is
impaired in the mutant (Fig. 1F). To demonstrate whether the
low transcription level of AtNPF5.12 in the Can-0 accession
is responsible for the susceptible phenotype, we developed
transgenic Can-0 plants expressing p35S:AtNPF5.12¢,..
Quantification of I/ longisporum DNA revealed reduced fungal
growth in the overexpression line compared with the wild-
type Can-0 (Fig. 1G). Together, these results show that atten-
uated NPF5.12 expression in Can-0 background may play a
role in promoting colonization and growth of I longisporum
in Arabidopsis. Next, sequence comparisons of AtNPF5.12
between the three Arabidopsis accessions based on informa-
tion in the 1001 Genomes database revealed a short indel (9
nt) in the promoter sequence of At1g72140 in Sei-O at posi-
tion Chr1:27141089. We believe this is the main reason why
Sei-0 exhibits a resistant phenotype compared with Col-0
and Can-0. Furthermore, Col-0 harbors an SNP in exon 4 of
At1g72140 compared with Can-0 and Sei-0.This SNP causes
a leucine to valine transversion at position Chr1:27144326.
Because Col-0 was used as a template for the Can-0 comple-
mentation experiments, this amino acid substitution may be
responsible for the intermediate response of Col-0 compared
with Can-0 and Sei-0.

NPF5.12 localizes to the plasma membrane

Several characterized NPF proteins localize to the plasma
membrane (Kanno et al., 2012; Nour-Eldin et al., 2012) and
the vacuole tonoplast (Weichert ef al., 2011; He et al., 2017).
In silico analysis with TMHMM software predicted 12 trans-
membrane regions in the AtNPF5.12 protein, and the Phyre2
server suggested NRT1.1/NPF6.3 as the closest structural
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Fig. 1. Phenotype and fungal DNA quantification in different Arabidopsis genotypes. (A) Disease symptoms of soil-grown Arabidopsis Can-0 and Sei-0
plants. Photos taken 21 days post-inoculation (dpi) with V. longisporum VL1. (B) Relative fungal DNA content in Sei-0 (0.1-fold) plant roots compared with
Can-0 at 14 dpi. Bar chart represents means +SE (n=6 biological replicates, 20 plants for each plant line and replicate). (C) Relative transcript levels of
AtNPF5.12 in roots of Can-0 (0.8-fold) and Sei-0 plants. Data from V. longisporum (Vl) inoculated plants are relative to data from mock-treated plants at

2 dpi. Bar chart represents means +SE (n=6 biological replicates of >25 plants for each plant line and treatment, repeated twice). (D) Relative transcript
levels of V. longisporum (V) inoculated AtNPF5.12 roots (0.7-fold) compared with mock-treated plants at 2 dpi. Bar chart represents means +SE (n=6
replicates of >20 plants for each treatment, repeated twice). (E) Disease symptoms of soil-grown Arabidopsis Col-0, Atnpf5.12, and Atnpf5.12 Compl.
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plants at 21 dpi. Atnpf5.12 Compl. plants are complemented with the native gene and promoter (DAINPF5.125,,.9:AINPF5.12¢4.0). (F) Relative fungal DNA
content in in vitro grown roots of V. longisporum inoculated Atnpf5.12 (5-fold) and Atnpf5.12 complemented lines (Compl. plants). The data are relative

to Col-0 at 14 dpi. Bar chart represents means +SE (n=6 biological replicates of 20 plants for each plant line). (G) Relative V. longisporum DNA content

in roots of inoculated p35S:AtNPF5.12.,,., complemented plants (0.3-fold). The data are relative to Can-0 at 14 dpi. Bar chart represents means +SE
(n=6 biological replicates of 20 plants for each plant line). Plants in (B-G) were grown in a hydroponic system. All transcription data were normalized to
AtACTINZ. Asterisks represent significant difference by Student’s t-test: *P<0.05; **P<0.01.

homolog (Supplementary Fig. S7A).To support the prediction
and to clarify its subcellular localization, p35S:NPF5.12-GFP
transgenic Arabidopsis plants were produced. When examined
under a confocal fluorescence microscope, these plants showed
a strong GFP signal in the plasma membrane in both roots
and leaves (Fig. 2A). Further evidence of plasma membrane
and tonoplast localization was indicated by transient expres-
sion of an NPF5.12:NPF5.12-GFP construct together with
an mCherry-tagged plasma membrane marker in Nicotiana
benthamiana (Fig. 2B).

AtNPF5.12 interacts with the major latex protein
AtMLP6

To identify plant proteins interacting with AtNPF5.12, trans-
genic p35S:AtNPF5.12-His Arabidopsis plants were gen-
erated and wused for co-immunoprecipitation. Pull-down
experiments with anti-His antibodies revealed a smaller pro-
tein of ~14 kDa in addition to the ~60 kDa protein corre-
sponding to AtNPF5.12-His (Supplementary Figs S7B, SS8A).
MALDI-MS/MS analyses identified this protein as At4g23670
(Supplementary Fig. S8B) referring to previously known
MAJOR LATEX PROTEIN 6 or AtMLP6 (Guo ef al., 2011).

BiFC experiments were performed to visualize interaction be-
tween AtNPF5.12 and AtMLP6 in planta. Fluorescence micros-
copy showed a reconstituted signal in the plasma membrane and
in the endoplasmic reticulum, supporting interaction between
AtNPF5.12 and AtMLP6 in the two compartments. These intra-
cellular localization observations were validated by co-infiltration
with endoplasmic reticulum- and plasma membrane-specific
mCherry-tagged markers (Fig. 2C, D). No signal was detected in
empty vector negative controls (Fig. 2E-G).

NPF5.12 and MLPG6 jointly contribute to reinforced
defense against V. longisporum

To investigate whether the AtNPF5.12-interacting protein
AtMLP6 is an important player in defense against I/ longis-
porum, three independent T-DNA insertion mutants were
evaluated for responses to fungal inoculation (Supplementary
Table S1). The promoter mutant SALK 088249 (Atmlp6)
was chosen for further studies due to its clearer responses.
The fungal colonization level of the Atmlp6 mutant was sim-
ilar to the responses in Atnpf5.12 plants at 14 dpi compared
with Col-0. Furthermore, a double mutant between Atmip6
and Atnpf5.12 was generated, and the amount of fungal DNA
in these plants was clearly higher than that in the Ampf5.12

and Atmlp6 single-mutant plants (Fig. 3A). A p35S:AtMLP6
complementation line in the Afmlp6 background displayed re-
version of the susceptible phenotype observed in the Atmip6
mutant (Supplementary Fig. S9). Transcript levels of AtMLP6
also decreased in both Col-0 and in the Atnpf5.12 mutant in
response to fungal challenge (Fig. 3B), with only a marginal
increase in disease phenotype (Fig. 3C), suggesting a possible
link between the AtNPF5.12 and AtMLP6 genes in this spe-
cific defense response. Transcript accumulation for the highly
sequence similar AtMLP6-related gene, At4g23680, was not al-
tered by fungal inoculation (Supplementary Fig. S10).

Salicylic acid-dependent responses are associated
with AtINPF5.12 and AtMLP6

Previous reports indicate an increase in SA accumulation in
B. napus 7 d after inoculation with 17 longisporum (Ratzinger
et al., 2009). To generate more information on the molecular
functions of NPF5.12 and MLP6, we quantified SA levels in
Col-0, Atnpf5.12, and Atmlp6 plants. Increased levels of SA
were found in Col-0 and Afmlp6 2 d after inoculation com-
pared with mock-treated Col-0, while SA levels in Atnpf5.12
were unaffected (Supplementary Fig. S11A). Transcription of
WRKY70 and PATHOGENESIS-RELATED 1 (PR1) genes
was negatively regulated in inoculated Atnpf5.12 and Atmilp6
plants compared with Col-0 (Supplementary Fig. S11B, C).
Elevated levels of the jasmonic acid responsive gene PLANT
DEFENSIN 1.2 (PDF1.2) were found as a response to fungal
inoculation in both mutants (Supplementary Fig. S11D).
These results suggest that NPF5.12 is an important activator
of SA biosynthesis. NPF5.12 and MLP6 most likely excite the
WRKY70 transcription factor impacting PR1 and PDF1.2
transcription. WRKY70-mediated activation of PR1 and re-
pression of PDF1.2 is in agreement with previous reports (Li
et al., 2004; Shim et al.,2013).

Defense responses of orthologous NPF5.72 and MLP6
genes in oilseed rape

Oilseed rape (Brassica napus) is the main crop suffering from stem
stripe disease caused by 17 longisporum (Depotter et al., 2016).
Therefore, we were interested in clarifying any impact on the
defense response by mutating the BuNPF5.12 and BnMLP6
orthologous genes through CRISPR/Cas9 technology. Four
loci for BuNPF5.12 and 14 loci for BuMLP6 were identified
with at least 98% and 87% amino acid sequence similarity, re-
spectively (Supplementary Table S5). All identified loci were
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Fig. 2. Cellular localization and interaction between NPN5.12 and MLP6 proteins. (A) Fluorescence microscopy images of roots (upper panel) and
leaves (lower panel) from p35S:AtNPF5.12-GFP transgenic Arabidopsis plants. The AtINPF5.12-GFP protein fusion localizes in the plasma membrane.
(B) Confocal microscope image of leaves from N. benthamiana plants, 4 d post-co-infiltration with a pAtNPF5.12:AtNPF5.12-GFP construct and a
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plasma membrane-localized mCherry marker. (C, D) Reconstituted yellow fluorescent protein (YFP) signal in N. benthamiana plants, 4 d post-infiltration
with pSITE-cEYFP-AtNPF5.12 and pSITE-nEYFP-AtMLP6E BiFC constructs, together with a plasma membrane-localized (C) or endoplasmic reticulum-
localized (D) mCherry marker. (E-G) empty vector pSITE-nEYFP, pSITE-cEYFP and pSITE-nEYFP coinfiltrated with pSITE-cEYFP as negative controls. BF,
bright field; Merged, composite image; GFP, green fluorescence; YFP, yellow fluorescence; pm-mCherry, plasma membrane mCherry marker; ER-Cherry,

endoplasmic reticulum mCherry marker. Scale bar (B-G) = 100 ym.

targeted with single-guide RNA in different combinations
to generate the four multiple mutant types. Fifty-seven seed-
setting transgenic lines were confirmed by PCR analyses. Two
individual lines for each mutant type with a wild-type phe-
notype were chosen for further experiments. Target loci were
sequenced to confirm mutations (Supplementary Table S7)
and then used in disease screening. No visible disease pheno-
type was observed at 7 dpi, but mycelia had started to colonize
roots (Fig. 4A, B). The multiple B. napus mutants Bnnpf5.12-
1, Bnnpf5.12-2, Banmlp6-1, Bnmlp6-2 and Bnnpf5.12/Bnmlp6-
1 and Bnnpf5.12/Bnmlp6-2 all had significantly more fungal
DNA relative to wild-type (Fig. 4C). Together with the data
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from Arabidopsis, this information demonstrates that func-
tional NPF5.12 and MLP6 genes are required for defense
against 17 longisporum in both species.

Colonization and growth of V. longisporum is affected
by nitrogen availability

To clarify the importance of available nitrate for the infec-
tion process, Col-0, Atnpf5.12 and Atmlp6 plants growing in
nitrogen-depleted and nitrogen-rich media were inoculated.
The plants were sampled and quantified for responses to 17
longisporum at two time points. Although colonization was
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Fig. 3. Phenotypes and fungal quantification in Arabidopsis mutants. (A) Relative fungal DNA content in roots of in vitro grown V. longisporum inoculated
Atnpf5.12 (2.5-fold), Atmip6 (1.8-fold), and Atnpf5.12 x Atmip6 (6.5-fold) plants at 14 dpi. The data are relative to inoculated Col-0. Bar chart represents
means +SE (n=6 biological replicates of 20 plants for each plant line). (B) Relative AtMLP6 transcript levels in V. longisporum (VI) inoculated roots of Col-0
(0.45-fold), Atnpf5.12 (0.2-fold), and Atmip6 plants. The data are relative to mock-treated control plants at 2 dpi. Bar chart represents means +SE (n=5
biological replicates of >20 plants for each plant line and treatment). Asterisks represent significant difference by Student’s t-test: *P<0.05; **P<0.01;
*¥P<0.001. (C) Disease symptoms of soil-grown Col-0, Atnpf5.12, Atmip6, Atnpf5.12 x Atmlp6 plants, 18 dpi with V. longisporum.
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Fig. 4. Responses to V. longisporum inoculation of Brassica napus and genome edited BnNPF5.12 and BnMLP lines. (A, B) Confocal microscopy image
of 14-day-old B. napus cv. Kumily (WT) (A), and Bnnpf5.12-1 (B) inoculated by V. longisporum (VI43:GFP). Photos taken 7 d post-infection. Scale bars:
50 um. (C) Quantification of V. longisporum (V1) DNA in Bnnpf5.12-1 (6-fold), Bnnpf5.12-2 (3.3-fold), Bnmip6-1 (2.8-fold), Bnmip6-2 (1.3-fold), Bnnpf5.12/
Bnmip6-1 (7.6-fold), and Bnnpf5.12/Bnmip6-2 (8.7-fold) relative to WT. Bar chart represents mean fold change +SD VI DNA (n>4 biological replicates

of 10 roots for each plant line). The experiment was repeated twice. Asterisks represent statistical significance compared with WT (Student’s t-test:

*P<0.05; **P<0.01; ***P<0.001).

severely limited due to a lack of nitrogen in all plant lines, both
Atnpf5.12 and Atmlp6 showed a significant decrease in 17 longis-
porum DNA at 14 dpi. The negative effect of nitrate depletion
on fungal colonization was greatest in Col-0 (Supplementary
Fig. S12). These results suggest that nitrate availability is an
important factor for I/ longisporum root colonization and that
NPF5.12 has a substantial impact on the amount of nitrate ac-
cessible to the fungus.

Mutations in NPF5.72 and MLP6 reduce suberin
deposition in the vascular system

The root cellular architecture plays an important role in hin-
dering pathogens from invading and colonizing intracellular
structures (Kawa and Brady, 2022). The Casparian strip sur-
rounds the vascular stele, and suberin lamellae are deposited
around endodermal cells (Andersen et al., 2018), together
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controlling water and nutrient transport in a plant. Down-
regulation of genes involved in Casparian strip formation and
suberin deposition has been observed at 2 dpi of 17 longisporum
in Arabidopsis (Froschel er al., 2021). To enhance our under-
standing of the importance of the vascular tissue during fungal
colonization, we closely monitored the early infection phase
in the roots of oilseed rape. Invasive hyphae swiftly penetrated
the lateral cell layers of the primary root followed by growth
in the cortex layer in a shoot-ward direction (Fig. 4A, B). At
7 dpi, there was a clear reduction in suberin in all inoculated
materials compared with mock-treated roots (P<0.001) (Fig.
5A-G). Bunpf5.12-1 and Bnmlp6-1 plants had less suberin dep-
osition than wild-type plants, suggesting a role for NPF5.12
and MLP6 in the polymerization processes of suberin. Similar
attenuation of suberin was found in our Arabidopsis mate-
rial (Supplementary Fig. SI3A—G), which could explain the
increased susceptibility of the npf5.12 and mlp6 mutant lines.
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Discussion

Access to nitrate determines the degree of
V. longisporoum infection

Plants use numerous importers and exporters to facilitate proper
exchange of diverse metabolites and ions, either out of or into
roots, events that are crucial for cellular functions and proper
growth. Nitrate, the main source of nitrogen for plants, is in-
volved in numerous processes (Fredes et al., 2019). Upon path-
ogen root colonization and external or internal growth, plant
cells counteract nutrient loss by restricting nutrient transfer
via reprogramming of nutrient metabolism and transport
(Tinnermann et al.,2022). In this study, we identified the nitrate
transporter NPF5.12 as important in the defense against 17 lon-
gisporum. Nitrate 1s taken up by roots and translocated to vacu-
oles for use in metabolism (Martinoia ef al.,2007). NPF5.12 was
previously evaluated with regard to uptake of glucosinolates,
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Fig. 5. Suberin staining and quantification in genome edited Bnnpf5.12-1 and Bnmip6-1 B. napus roots. (A, B) Fluorol Yellow 088 stained 14-day old
roots of mock-treated and (A) V. longisporum inoculated (B) B. napus cv. Kumily (WT). (C, D) Mock-treated (C) and fungal inoculated (D) Bnnpf5.12-

7 mutant. (E, F) Mock-treated (E) and fungal inoculated (F) Bnmip6-1 mutant. (G) Quantification of Fluorol Yellow 088 fluorescence intensity in fungal
infected (VI) and mock-treated B. napus cv. Kumily (WT) and Bnnpf5.12-1 and Bnmip6-1 mutant roots. Statistical significances are based on ANOVA/
Tukey’s multiple comparisons of means (n>4 roots per line and treatment, P<0.001). Photographs were taken and quantification was performed 7 d post-
treatment. Scale bars: 50 um. FY, Fluorol Yellow 088; Merge, brightfield and FY composite image. The experiment was performed twice.
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but no such function was detected (Nour-Eldin et al., 2012).
More recently, it was found that NPF5.12 is a tonoplast trans-
porter and functions in allocation of nitrate from vacuoles to
the cytosol (He et al.,2017). Overexpression of NPF5. 12 results
in reduced nitrate content in roots due to reallocation to shoot
organs. Our data show that NPF5.12 localizes to the plasma
membrane and that it may transport nitrate to the extracel-
lular space. This result would explain the previously reported
long-distance transport of nitrate in the NPF5.12 overexpres-
sion line (He et al., 2017). Accordingly, the p35S:NPF5.12¢,.,
construct reduced fungal growth in the Can-0 genomic back-
ground (Fig. 1G). When we compared responses in nitrate de-
pendency experiments, the relative difference in fungal growth
was greater in Col-0 than in the npf5.12 mutant, which sug-
gests the involvement of additional factors. Down-regulation of
NPF5.12 after infection may be a starvation tactic employed by
the plant. Similar responses have been found in other pathosys-
tems, but the details are unclear (Sun et al., 2020). Functional
redundancy among nitrate transporters has been assessed (Lu
et al., 2022). Unexpectedly, nitrate uptake was higher in a sex-
tuple mutant than in wild-type; additional transporters, such as
chloride channels, were examined, and AtCLCa was found to
be a major nitrate transporter candidate. We presume that the
vast numbers of nitrogen and amino acid transporters are highly
redundant to support the essential metabolic role of nitrogen
in almost all developmental, growth, and metabolic plant pro-
cesses. We believe that I longisporum to some extent hijacks parts
of the host’s nitrogen metabolism for colonization and growth.

Do major latex-like proteins function as intracellular
shuttles activating defense responses”?

Major latex-like proteins (MLPs) are plant specific and were
first identified in the latex of opium poppy (Papaver somnife-
rium), in which they are located in specific secretory cells:
laticifers (Nessler et al., 1985). Laticifers are a large and het-
erogeneous group of cells that contain a wide range of com-
pounds and secondary metabolites (Ramos et al., 2019; Ozber
et al., 2022). Few plant species produce latex (Gracz-Bernaciak
et al.,2021). In contrast, MLP genes are common in most plant
genomes (25 in Arabidopsis), and it is thought that they exert
divergent biological roles. Several MLP genes are implicated in
defense against soil-borne pathogens in addition to activation
of other stress agents and associations with hormone responses
(Fujita and Inui, 2021). The data generated thus far are not
conclusive, and gaps in biosynthesis and biological functions
remain to be clarified.

A common feature of the 3D structure of MLP proteins is
the hydrophobic cavity acting as a potential binding site for var-
ious ligand molecules (Li ef al., 2023). AtMLP6 was previously
detected in the phloem sap of Arabidopsis and thought to bind
a hydrophobic systemic acquired resistance (SAR) signaling
molecule (Carella ef al., 2016). The role of SA, a main player
in local and SAR responses in other plant defense systems, has
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not been clarified in regard to 17 longisporum. Unlike many
other pathosystems, there is a positive correlation between SA
in the shoot extracts of inoculated B. napus and the biomass of
17 longisporum (Ratzinger et al., 2009). In a follow-up study,
B. napus infection stages were divided into two phases: early,
with no symptoms, and late, when disease symptoms started to
be visible (Zheng et al., 2019). The SA content declined after
an initial infection stage, and the phenylpropanoid pathway in
B. napus was activated in the resistant genotypes from 7 dpi
and later, leading to a range of enhanced activation of enzymes,
including those involved in lignin synthesis and ferulic acid
and peroxidase. The different physiology between B. napus and
Arabidopsis may explain divergent reported results. Differences
in the spatio-temporal control of reproductive plant architec-
ture illustrate the delicate balance of resources and related sig-
nals in the two species (Walker et al., 2021).

Early infection events and defense responses to
V. longisporum

The major birch pollen allergen Bet v I is the prototypical
member of the Bet v I superfamily to which MLP6 belongs
(Morris et al., 2021). Its natural ligand was identified as
quercetin-3-O-sophoroside (Q3SO), a glycosylated flavo-
noid that serves as an important signal for pollen germina-
tion (von Loetzen et al., 2014). Several MLPs closely related
to MLP6, including the ZUSAMMEN CIS-CINNAMIC
ACID ENHANCED genes ZCE1 and ZCE2, were previ-
ously implicated in flavonoid responses and plant develop-
ment (Guo et al., 2011). Flavonoids might thus constitute
an important part of the signaling response downstream of
NPF5.12 and MLP6. Lipid-binding domains are also present
in MLP6 and Bet v I, and the latter binds reversibly to the cy-
tosolic side of the plasma membrane (Mogensen et al., 2007).
Whether Bet v I is present as a monomer or dimer or whether
ligand binding facilitates membrane translocation is currently
unknown.

Many diverse factors have been implicated in defense against
17 longisporum, though a clear picture that links them all to-
gether has not yet been presented. Here we summarize results
from this investigation and earlier studies on the 17 longispo-
rum—plant interaction (Fig. 6). The root infection is triggered
by secretion of volatile monoterpenes by the host (Roos et al.,
2015), followed by hyphal entry at lateral root emergence
sites (Fig. 6A). Disruption of the endodermal suberin lamel-
lae enables hyphal entry into the vasculature. NPF5.12 pro-
teins transport nitrates from the vacuole to the apoplastic space.
NPF5.12 and MLP6 transcriptionally reprogram within 2 d
post-infection in susceptible plants. This change limits available
nitrates to the pathogen and restricts fungal growth (Fig. 6B).
NPF5.12 and MLP6 contribute to suberin deposition in the
endodermis (Fig. 6C, D). Gibberellin (GA), abscisic acid (ABA)
and the auxin indole acetic acid (IAA) all regulate the suber-
ization process (Woolfson et al., 2022). The AtNPF2.12 and
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Fig. 6. A proposed working model for the plant-V. longisporum interaction. (A) Verticillium longisporum (VL1, red line) hyphae enter the root at lateral root
emergence sites. Disruption of the endodermal suberin lamellae enables hyphal entry into the vasculature. (B) NPF5.12 proteins transport nitrates from
the vacuole to the apoplastic space. Two days post-infection, NPF5.12 and MLP6 transcriptionally reprogram. This change limits available nitrates to

the pathogen and restricts fungal growth in susceptible plants. MLP6 migrate systemically though the vasculature. (C) NPF5.12 and MLP6 contribute to
suberin deposition in the endodermis. The MLP6 carrier protein transports suberin monomers from the endoplasmic reticulum (ER) to the cell periphery.
ABC-proteins transport suberin monomers to the apoplast. NPF5.12 contributes by transporting indole butyric acid (IBA), which is converted to indole
acetic acid (IAA) in peroxisomes. Accumulation of endodermal IAA activates several Gly-Asp-Ser—Leu (GDSL)-type esterase/lipase proteins (GELPs),
which polymerizes the suberin. (D) This process is interrupted by VL1 infection, causing loss of suberin polymerization. (E) VL1 infection and NPF5.12/
MLP6 reprogramming trigger salicylic acid (SA) accumulation at two dpi. MLP6 mRNA and proteins migrate through plasmodesmata and phloem to
increase WKRY70 transcription. WRKY70 contributes to transcriptional PR7 gene activation, and at the same time PDF1.2 repression.

AtNPF2.13 transporters have been implicated in GA and ABA It has been suggested that carrier proteins transport su-
accumulation and translocation from the shoot to the root berin monomers from the endoplasmic reticulum toward
(Binenbaum et al., 2023). A third GA and ABA transporter, the plasma membrane (Serra and Geldner, 2022). ABC-type
AtNPF2.14, regulates the formation of suberin in the root. transporters then shuttle the monomers to the apoplast. MLP6
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may contribute to suberin deposition by delivering the hy-

drophobic suberin monomers to the cell periphery (Fig. 6C).

NPF5.12 transports indole butyric acid (IBA) to the cyto-
plasm (Michniewicz et al., 2019), and IBA is B-oxidized to
IAA in the peroxisomes (Strader ef al.,2010). This information
links NPF5.12 to the regulation of suberin polymerization.
Accumulation of IAA in the endodermis activates transcrip-
tion of several key suberin esterase/lipase enzymes responsible
for polymerization of the suberin monomers and degradation
of polymers (Ursache et al., 2021). The latter process is inter-
rupted by 17 longisporum infection, causing loss of suberin po-
lymerization (Fig. 6D). We assume that MLP6 migrates in the
phloem sap and influences transcription factors, genes, and/or
metabolites such as peroxide and flavonoids that affect suberin
(Floerl et al., 2012; Woolfson et al., 2022). Activation of perox-
isomal processes in the plant host could generate peroxide and
jasmonic acid (Roos et al., 2014). The latter is negatively regu-
lated by the Rab GTPase-activating protein RabGAP22. In
addition, to the components discussed above, phytohormones
are induced (Fig. 6E). NPF5.12 and MLP6 are involved in in-
duction of SA-dependent defense responses during early stages
of infection. Colonization of this fungus also depends on avail-
able nitrates in the host root. Accordingly, the negative effect
of nitrate depletion on fungal growth was less pronounced in
Atnpf5.12 plants with impaired nitrate transport. MLP6 trig-
gers WRKY70, which regulates PR1 and PDF1.2 in oppo-
site directions. PR1 is promoted whereas PDF1.2 is repressed.
Much remains to be elucidated among these factors and their
implications on defense against 17 longisporum.
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