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Parasites and pathogens are known to manipulate the host's endogenous
signaling pathways to facilitate the infection process. In particular, plant-
parasitic root-knot nematodes (RKN) are known to elicit auxin response at
the infection sites, to aid the development of root galls as feeding sites for the
parasites. Here we describe the role of local auxin synthesis induced during
RKN infection. Exogenous application of auxin synthesis inhibitors decreased
RKN gall formation rates, gall size and auxin response in galls, while auxin and
auxin analogues produced the opposite effects, re-enforcing the notion that
auxin positively regulates RKN gall formation. Among the auxin biosynthesis
enzymes, YUCCA4 (YUC4) was found to be dramatically up-regulated during
RKN infection, suggesting it may be a major contributor to the auxin
accumulation during gall formation. However, yuc4-1 showed only very
transient decrease in gall auxin levels and did not show significant changes in
RKN infection rates, implying the loss of YUCH4 is likely compensated by other
auxin sources. Nevertheless, yuc4-1 plants produced significantly smaller galls
with fewer mature females and egg masses, confirming that auxin synthesized
by YUC4 is required for proper gall formation and RKN development within.
Interestingly, YUC4 promoter was also activated during cyst nematode
infection. These lines of evidence imply auxin biosynthesis from multiple
sources, one of them being YUC4, is induced upon plant endoparasitic
nematode invasion and likely contribute to their infections. The coordination
of these different auxins adds another layer of complexity of hormonal
regulations during plant parasitic nematode interaction.
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YUC genes, auxin synthesis, meloidogyne incoginta, heterodera schachtii,
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Introduction

Root-knot nematodes (Meloidogyne incognita, RKN) are
plant parasites that cause significant damages to crop plants in
many regions of the world. RKN infect a wide range of plant
species, though are particularly prominent in solanaceae crops
such as tomato and eggplant. RKN generation time takes 3~8
weeks depending on the environment. Juveniles molt once
within the eggs and are hatched as infective second-instar
juveniles (J2), which then seek out the roots of appropriate
host plants to infect. Once a suitable host has been found, J2
enter the roots and migrate toward the vasculature, where they
induce the formation of specialized feeding organs known as
root-knots or galls (Wyss et al., 1992; Caillaud et al., 2008). RKN
J2 are known to inject various effector proteins into vascular
cells, which induces their differentiation into giant cells (GC) to
serve as the source of sustenance of the endophytic RKN.
Typically a gall contains 5~7 GC, which make up the majority
of the gall mass and volume (Bird, 1992; Jones and Payne, 1978).
As the endophytic RKN feed on the GC, they continue to molt
and mature. Eventually adult female RKN lay eggs on the root
surface to continue the life cycle.

Similar to many other parasites, RKN utilize the host’s
endogenous hormonal signaling pathways to modify the
infection sites to their favor. One important phytohormone
that regulates RKN gall formation is auxin, which is best
known for its role in embryogenesis, organogenesis and
tropism (Zhao, 2010). The link between auxin and RKN
infections have in fact been documented extensively in the
past (Favery et al., 2016; Gheysen and Mitchum, 2019).
Exogenous auxin applications have been found to enhance
Meloidogyne javanica infections in peach (Prunus persica) and
tomato (Solanum lycopersicum) (Kochba and Samish, 1971;
Glazer et al, 1986). Mutations or down-regulation of genes
involved in auxin synthesis, transport and perception are
associated with reduced RKN susceptibility in various plant
species, suggesting auxin is essential during RKN infection
(Richardson and Price, 1984; Kyndt et al., 2016; Wang et al.,
2018). Specifically, auxin has been shown to positively regulate
GC growth, cell wall deformation around the GC and cell cycle
activation within galls (de Almeida Engler et al., 1999). On the
other hand, several auxin response factors and transporters were
found to be strongly up-regulated during RKN infection,
confirming that RKN actively stimulate auxin signaling at the
site of infection (Cabrera et al., 2014; Kyndt et al., 2016; Olmo
et al., 2020).

Auxins include a group of small molecules with an aromatic
ring and a carboxylic acid functional group less than 0.55 A apart
(Sauer et al, 2013). Several naturally-occurring auxins have been
detected in plants, though by far the most biologically significant
and best characterized is indole-3-acetic acid (IAA). In addition,
several synthetic auxins have been made as herbicides or plant
growth stimulants, such as 1-naphthaleneacetic acid (NAA) and
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2,4-dichlorophenoxyacetic acid (2,4-D). IAA is synthesized from
the amino acid tryptophan (Trp) via indole-3-pyruvic acid (IPA).
Trp is converted to IPA through the removal of the amino group
catalyzed by TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS (TAA) (Stepanova et al, 2008). IPA is then
converted into IAA through decarboxylation catalyzed by the
YUCCA (YUC) family of flavin-containing monooxygenases as
the rate-limiting step of the auxin synthesis pathway (Mashiguchi
etal, 2011; Won et al,, 2011). Five TAA and 11 YUC homologues
are present in the Arabidopsis genome (Matthes et al., 2018). The
TAA genes are fairly ubiquitously expressed, whereas the YUC
genes show more diverse expression patterns to synthesize auxins in
different organs (Cheng et al., 2006). The YUC genes are thus the
determining factors that dictate local auxin synthesis. Typically
auxins are synthesized in the shoot then transported downward to
the roots, and this auxin gradient plays important roles in apical-
basal polarity in plants (Benkova et al, 2003). However, auxin
synthesis indeed also occur in roots, auxin made in the shoots were
shown to not be sufficient to mediate root development (Chen
et al., 2014).

Here we show that exogenous application of synthetic auxins
and auxin synthesis inhibitors affect RKN infection frequency
and resultant gall size. YUC4, which is typically associated with
floral development, was found to be induced during RKN
development. Although the yuc4-1 mutation did not
profoundly affect RKN infection rates, the numbers of
emerging adult females and egg masses, gall size and gall IAA
level were reduced in the yuc4-1 mutant. Interestingly, the
expression of YUC4 was also induced after Heterodera
schachtii infection, but loss of function yuc4-1 plants showed
no significant alteration of cyst nematode establishment or in the
number of females or males YUC4 appears to be specifically
induced in roots upon RKN infection to facilitate gall
development, even though YUCH4 is likely not the only source
of auxin during RKN infection.

Materials and methods
Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana) of the ecotype Columbia-0
(Col-0) were used for this study. yuc4-1 (SM_3_16128), yucl
(SALK_106293) and pYUC::GUS transgenic plants were described
in Cheng et al,, 2006 and Xu et al., 2017. Seeds were treated with
70% (v/v) ethanol, followed by surface sterilization [6% (w/v)
antiformin, 0.04% (v/v) Triton X-100] for 10 minutes and 3
washes with ddH,O. Seeds were vernalized for 2 days and
germinated on Murashige and Skoog (MS) media [1/4x MS salt
(Sigma), 0.5% (w/v) sucrose, 0.6% (w/v) gellan gum, pH 6.4] in 23°
C under constant light (70 umol/sm?).

Auxin analogues and auxin synthesis inhibitors were
dissolved in dimethyl sulfoxide (DMSO), then added to media
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at the following final concentrations: 2,4-D, IAA and NAA: 0.1
UM, L-kynurenine:10 uM, yucasin: 50 uM. Seedlings were
transferred to media with hormones or auxin synthesis
inhibitors 1 day after RKN inoculation for 24 hours, before
returning to untreated MS media.

Nematode infection assay

The maintenance, harvesting and sterilization of root-knot
nematodes (Meloidogyne incognita) collected from Koshi city,
Kumamoto prefecture, Japan were essentially performed as
described in Nishiyama et al., 2015. Five day-old Arabidopsis
seedlings were inoculated with RKN at 80 J2s per seedling, then
incubated in 25°C under the short-day light cycle [8 hours light
(70 pmol/smz), 16 hours dark]. Galls were counted and
diameters measured at 14 days post-inoculation (DPI), and
egg masses were counted at 42 DPI. Diameter is defined as the
longest distance across a gall perpendicular to the axis of
the root.

Cyst nematodes (Heterodera schachtii; Austria) were kindly
provided by J. Hofmann (BOKU University; Austria) and
propagated in mustard roots (Sinapsis alba cv Albatros) grown
in Gamborg medium (Gamborg et al., 1968) with 3% sucrose
and 0.8% Daishin agar (pH 6.4) at 23°C in darkness as described
by Bohlmann and Wieczorek (2015). Egg hatching was
stimulated in 3 mM ZnCl, (Bohlmann and Wieczorek, 2015).
CN infections of Arabidopsis were performed as described in
Olmo et al. (2017). 7 day-old seedlings were inoculated with 20-
30 J2 per plant, root segments containing syncytia were hand-
dissected for GUS assays at the infection stages indicated in the
figures legend. The numbers of females and males in the yuc4-1
plants were counted at 14 DPI under a stereomicroscope.

Histological staining and microscopy

For RKN acid fuchsin staining, seedlings were harvested and
washed with ddH,O, then cleared with 1% (v/v) antiformin for 5
minutes. Seedlings were then washed with ddH,O twice, and
stained with 30 fold-diluted acid fuchsin [0.35% (w/v) acid
fuchsin in 75% (v/v) acetic acid] at 100°C for 10 minutes.
Cooled samples were washed twice with ddH,O, then de-
stained with acidified glycerol (1.2 mM HCl in glycerol).

Promoter-GUS staining were performed essentially as
described in Cabrera et al., 2014. Tissue samples were fixed in
90% (v/v) acetone for at least a day. Samples were washed with
ddH,O then incubated in GUS staining solution {100 mM
NaPO,, 10 mM ethylenediaminetetraacetic acid (EDTA) pH
8.0, K5[Fe(CN)g] and mM K,[Fe(CN)] (0.5 mM for CN-infected
plants, 3 mM for all other samples), 0.01% (w/v) Triton X-100,
0.5 mg/ml 5-bromo-4-chloro-3-indolyl-B-glucuronidase} in 37°
C for 4 hours (uninfected and 1~7 DPI samples) or overnight
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(14~42 DPI samples). Reactions were stopped by incubating the
samples 90% (v/v) ethanol and 10% (v/v) acetic acid. Samples
were cleared and mounted using 80% chlorohydrate (w/v) in
33% (v/v) glycerol.

For toluidine blue-stained sections, tissues were vacuum-
infiltrated with fixative [2% (v/v) glutaraldehyde, 0.02 M
cacodylic acid] for 30 minutes, then incubated in 4°C
overnight. Samples were washed for 10 minutes 5 times with
20 mM cacodylic acid, then dehydrated through an ethanol
gradient (50%, 75%, 90%, 95% each 10 minutes, then 100% for
20 minutes). Samples were then transferred to a 1:1 ethanol:
Technovit 7100 (Kulzer) mixture and shaken in room
temperature for 2 hours, then transferred to a pre-embedding
solution [1% (w/v) sulfurizing reagent I in Technovit 7100] and
shaken overnight in room temperature. Samples were
submerged in embedding solution [6.6% (v/v) sulfurizing
reagent I in pre-embedding solution] then incubated in 40°C
overnight. Sample blocks were sectioned to 3~5 um thickness
using a Leica RM2255 microtome, then mounted using ddH,O
and incubated in 60°C overnight. Samples were stained in
0.025% (w/v) toluidine blue (Waldeck) and 0.04% neutral red
for several minutes, then mounted with EUKITT (O. Kindler).

CN-infected syncytia were imaged with Nikon SMZ1000,
Olympus SZX16 stereomicroscope, or Nikon eclipse 90i
microscope. All other microscopy works were performed using
an Axio Imager M1 stereomicroscope (Zeiss) mounted with a
DP71 digital camera (Olympus).

Hormone quantification

Extraction, purification and quantification of plant
hormones were performed as described in Kanno et al. (2016).

Transcript analysis

RNA were extracted from plant tissue using the RNeasy Plant
Mini Kit (Qiagen), then cDNA were synthesized using the
PrimeScript RT Master Mix (Takara) according to the
manufacturers’ instructions. 100 ng of cDNA per sample were
used for transcript quantification using the FastStart Essential DNA
Green Master and the Light Cycler 480 system (Roche) using the
PCR program of 95°C 5 minutes, then 95°C 10 seconds, 60°C 10
seconds, 72°C for 10 seconds. GLYCEROLALDEHYDE 3-
PHOSPHATE DEHYDROGENASE (GADPH) was used as
internal control. Primers used for PCR include ARF5 (forward:
ATCTCAACGGATCCAAATCG, reverse: GGGTCTCAGCTC
TCAGTTGG), YUC4 (forward: ACGCATCTGGTCTAT
GGAATG, reverse: CGGACTTGTACGCACTGG), TAAl
(forward: CCCCACTACACTCCCATCACTC, reverse: TCACCA
ATGCCCACCCAATAC), GADPH (forward: TTAGTCGCA
ACCTGAAGCCATC, reverse: TTCCACTGCTACTTGAC
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CTTCG). The expression levels of frequently used normalizer genes
such as actin or ribosomal genes are altered in developing galls and
GCs in Arabidopsis (Barcala et al, 2010), whereas GAPDH primers
have been used for qPCR analyses to produce data consistent with
reporter-GUS and microarray results (Barcala et al, 2010;
Yamaguchi et al,, 2017; Diaz-Manzano et al., 2019). Therefore,
GAPDH used as a normalizer produce robust transcript data for
developing galls in Arabidopsis.

Results

Local auxin synthesis regulates
gall development

In order to determine the role of auxin synthesis during
RKN infection, Arabidopsis gall development was monitored in
the presence of exogenous auxin or auxin synthesis inhibitors.
L-kynurenine, the inhibitor of the enzyme TAAI that converts
Trp to IPA (He et al,, 2011), and yucasin, the inhibitor of the
enzyme YUC that converts IPA to TAA (Tsugafune et al., 2017),
were used along with indole-3-acetic acid (IAA) and synthetic
auxins 2, 4-dichlorophenoxy acetic acid (2,4-D) and
naphthalene acetic acid (NAA) (Van Overbeek, 1959). To
ensure these reagents exert their predicted effects, transgenic
Arabidopsis plants with the pDR5:GUS and pARF5:GUS
reporter constructs were used to monitor auxin accumulation
and response patterns in RKN galls at 7 days post-inoculation
(DPI). In the presence of auxin synthesis inhibitors, the pDR5::
GUS signals were fully abolished in galls, and the pARF5::GUS
signals were reduced to be found only in the vasculatures, even
though the auxin maxima in the root tips remain unchanged
(Figure 1). On the other hand, both pDR5::GUS and pARF5::GUS
signals were found to be prominent in lateral roots when IAA
and synthetic auxins were applied (Figure 1). These results
confirm that dynamic auxin synthesis activities occur in galls
during RKN infection.

Knowing that auxin likely plays a role during RKN infection,
the effect of auxin synthesis on the development of galls were
evaluated next. L-kynurenine and yucasin treatments cause
significant reductions in gall diameters, while 2,4-D treatment
significantly increased gall diameters at 14 DPI (Figure 2A).
Unexpectedly, TAA did not significantly affect gall size, while
NAA actually significantly reduced gall diameter (Figure 2B).
Different synthetic auxins with different structures are predicted
to show variations in their physiological effects, and such has
indeed been observed in above-ground organs (Abebie et al.,
2008). It is conceivable that similar variations may occur in gall
development as well. In addition, gall numbers in plants treated
with auxin synthesis inhibitors and synthetic auxins were
analyzed at 14 DPI. 2,4-D treatment was found to significantly
increase gall numbers (Figure 2C), while L-kynurenine, yucasin,
IAA and NAA did not significantly affect gall numbers
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(Figure 2C, D). Since both auxin synthesis inhibitors tested
reduced gall size, local auxin synthesis may play a positive role
during RKN infection. On the other hand, as neither of the auxin
synthesis inhibitors tested affected gall numbers, locally
synthesized auxin does not appear to affect the invasion of
RKN into roots.

Auxin synthetic gene YUC4 is expressed
in galls

To further delineate the role of auxin during gall formation,
the expression patterns of auxin synthesis genes were examined
in developing galls. Using the transcriptome data from
Yamaguchi et al, 2017, the expression patterns of auxin
synthetic genes TAAI and the YUC genes were investigated
over the first 7 days of RKN infection during RKN invasion and
giant cell initiation. The expression levels of TAAI and most of
the YUC genes remain relatively stable over the first 7 days of
infection, except YUC4 which was induced upon infection
(Supplemental Figure 1). To more comprehensively determine
the role of YUC4 throughout RKN infection, the expression
levels of YUC4 and TAA1I were examined by qRT-PCR over the
entire course of RKN infection for up to 42 DPI. In addition,
AUXIN RESPONSE FACTOR 5 (ARF5), an auxin response
signaling component known to be induced by and positively
regulates Meloidogyne javanica infection was also analyzed
(Olmo et al., 2020). ARF5 transcript levels were found to rise
fairly early at around 14 DPI and remained stable afterward,
consistent with its expression pattern during M. javanica
infection (Figure 3A, Olmo et al, 2020). On the other hand,
YUC4 transcript level increased modestly during early gall
development, then rose prominently after 14 DPI (Figure 3B).
On the contrary, TAAI transcript level decreased rapidly after
RKN infection, and remained relatively low after 10 DPI
(Figure 3C). To further confirm the expression pattern of
YUC4, transgenic plant with the pYUC4::GUS reporter
construct was established. In the absence of RKN infection,
the YUC4 promoter is active in the root tip, lateral roots and the
distal ends of leaves (Figure 4A). Consistent with the
transcriptome and qRT-PCR results, the YUC4 promoter
activity gradually increased during gall formation (Figure 4B).
pYUC4:GUS signals became difficult to observe beyond 28 DP],
although this may be because the GUS signals were present only
in the centers of galls and are not visible externally (Figure 4B).
These lines of evidence confirm that YUC4 is clearly induced by
RKN infection, though YUC4 transcripts appear to accumulate
relatively slow compare to fast responders such as ARF5.

Considering YUC4 synthesizes auxin while ARF5 responds
to auxin, and that ARF5 is also significantly up-regulated during
parasitic nematode infections (Olmo et al., 2020), the possibility
that YUC4 regulates ARF5 expression during RKN infection was
investigated. ARF5 transcript levels were quantified before and
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A pPDR5::GUS B PARF5:GUS
Uninfected 7DPI gall Uninfected 7DPI gall

Mock-treated
Mock-treated

L-Kynurenine

Yucasin

NAA
NAA

FIGURE 1

Localized auxin responses in galls alter in response to exogenous auxin treatments. Transgenic Arabidopsis seedlings with pDR5::GUS (A) or
PARF5::GUS (B) reporter constructs that were mock (DMSO)-treated, treated with auxin synthesis inhibitor (10 uM L-kynurenine, 50 uM yucasin),
or synthetic auxin analogues (0.1 uM 2,4-D, IAA or NAA), inoculated with RKN for 7 days or uninfected, then stained for GUS. Bar = 100 pm. At
least three independent transgenic lines for each construct were examined with similar results.
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after RKN infection in Col-0 and the yuc4-Iloss-of-function
mutant (Cheng et al., 2006; Xu et al., 2017). However, there were
no significant differences in ARF5 transcript levels between Col-
0 and yuc4-1 plants (Supplemental Figure 2). Together with the
finding that ARF5 gets up-regulated before YUC4 upon RKN
infection (Figure 3), this implies YUC4 is unlikely to mediate the
up-regulation of ARF5 during RKN infection.

YUC4 positively regulates RKN
maturation and fecundity

To further evaluate the function of YUC4 during gall
formation, RKN infection assays were performed using yuc4-1.
For comparison, the YUC4 homologue YUCCA1 (YUCI), which
is known to not be strongly up-regulated during RKN infection,
was also analyzed (Cheng et al., 2006). No significant differences
were detected in the numbers of galls, emerged mature females
and egg masses from yucl when compared to Col-0
(Figures 5A-C). Interestingly, the numbers of emerged mature
females and egg masses reduced significantly in yuc4-1
(Figures 5B, C), even though gall numbers remain unchanged
(Figure 5A). This suggests YUC4 likely regulates late-stage RKN

10.3389/fpls.2022.1019427

development within galls, but not the initial gall formation
during early infection, unlike ARF5 which is known to
prominently regulate gall formation frequency (Olmo et al,
2020). Furthermore, although no significant difference in gall
diameters could be detected in yuc4-1 at 7 DPI (Figure 5D),
yuc4-1 gall diameters were significantly reduced compared to
that of Col-0 at 42 DPI (Figure 5E). The timing of ARF5 and
YUC4 up-regulation induced by RKN infection appear to reflect
their respective functions, where ARF5 acts early to regulate gall
initiation while YUC4 acts late to promote gall growth and RKN
maturation. The fact that YUC4 does not transcriptionally
regulate ARF5 suggests these two genes likely function
independent of each other during RKN infection.

Localized auxin synthesis is required for
RKN maturation

One other hormone known to function in concert with
auxin to regulate cell division and differentiation is cytokinin
(Schaller et al., 2014; Di Mambro et al., 2017). Despite primarily
known as a plant hormone, cytokinin has been shown to be
secreted by cyst nematodes to mediate infections (Siddique et al.,
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Auxin synthesis is required to maintain proper gall size. Gall diameters (A, B) and average gall numbers per plant (C, D) of Arabidopsis seedlings
at 7 DPI treated with auxin synthesis inhibitors (L-kynyurenine, yucasin) or synthetic auxin analogues (2,4-D, IAA, NAA). Boxplots of n > 77 + SD
(A, B), and boxplots of n > 14 (C, D) are shown. Each data point in (C, D) represents average value from 6 plants. * denotes significant difference
from mock-treated samples, *P<0.05, **P<0.01, generalized Wilcoxon rank sum test corrected for multiple comparisons. At least three

biological replicates were performed with similar results.
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Lateral
A root
B 1DPI 3 DPI 5 DPI

{5
FIGURE 4
YUC4 promoter activity is induced during gall formation. GUS-stained tissues of transgenic Arabidopsis with the pYUC4.::GUS reporter construct.
(A) Root tip, lateral roots and lea from uninfected plants, (B) 1-42 DPI galls. Bar = 100 pm. At least three independent transgenic lines were
examined with similar results.

2015). Similarly, cytokinin is also known to be secreted by RKN,
although its role in infection has yet to be validated (De Meutter
et al,, 2003). Other plant hormones such as salicyclic acid,
jasmonic acid and ethylene are known to be involved in plant
pathogen response signaling, suggesting they are likely also
involved in the responses toward plant parasitic nematodes
(Kammerhofer et al., 2015; Molinari, 2016).

To determine whether the yuc4-1 RKN infection phenotypes
are associated with reduced auxin synthesis, and whether other
phytohormones are also involved with the yuc4-1 gall
development defects, phyotohormone levels were quantified in
the Col-0 and yuc4-1 galls at 14, 28 and 42 DPI where YUC4 is
highly expressed (Figure 3B). Auxin/indole-3-acetic acid (Aux/
TAA), abscisic acid (ABA), jasmonic acid (JA), JA isoleucine (JA-
lle), cytokinin/trans-zeatin (CK/tZ) and salicyclic acid (SA)
levels were measured. yuc4-1 galls showed a modest but
significant reduction in Aux/IAA at 14 DPI as compared to
the Col-0 (Figure 6A). However, no significant differences were
detected in the levels of ABA, JA, JA-Ile and CK/tZ between Col-
0 and yuc4-1 galls at 14 to 42 DPI (Figures 6B-F). Also, no
significant differences in these hormone levels were detected
between Col-0 and yuc4-1 from 1~14 DPL, where YUC4 is not as
strongly expressed (Supplemental Figure 3). Therefore YUC4
does not appear to strongly affect phytohormone levels during
gall formation, except auxin at around 14 DPI. Nevertheless, the
fact that yuc4-1 galls show reduced auxin level in galls at 14 DPI
suggests the RKN maturation defects observed in yuc4-1 may
indeed be caused by reduced local auxin biosynthesis.
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YUC4 is induced by cyst nematode
Heterodera schachtii infection

Considering the importance of YUC4 in RKN infections, we
also checked its putative role after the infection of another main
group of plant endoparasitic nematodes, the cyst nematodes (CN,
Heterodera schachtii). In CN-infected pYUC4::GUS transgenic
Arabidopsis plants, YUC4 promoter activity was clearly detected
and localized within the syncytia with a high percentage of GUS-
positive syncytia at 7DPI (Figures 7A-D). YUC4 promoter activities
remained with a detectable signal in syncytia at 14 and 23 DPI,
although the percentage of GUS-positive syncytia decreased
significantly over time (Figures 7B-D; p<0.05). This confirms that
CN infection also induces YUC4 expression in syncytia similar to
the galls in the RKN infection, although YUC4 promoter activity
appears to decrease over the course of CN infection, in contrast to
the slow increase during RKN infection.

To determine whether YUC4 function was also crucial
during CN infection similar to RKN, the numbers of males
and females per plant were determined in yuc4-1 plants as
compared to that of the Col-0 control. Both, the number of
males or females per plant or the total number of males plus
females did not show significant differences between Col-0 and
yuc4-1 (Supplemental Figure 4). Thus, YUC4 function does not
strongly regulate CN establishment, sex determination or
syncytia formation within the host plants. However, we cannot
preclude a partial contribution of YUC4 together with other
YUCCA family members
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Discussion

Although auxin is a phytohormone best known for its roles in
organogenesis and tropism, auxin plays a surprisingly critical role
during plant-microbe interaction, pathogenesis and parasitism. For
example, auxin has been implied to accumulate in the infection sites
of protist Plasmodiophora brassicae, hemi-parasitic plant
Phtheirospermum japonicum and bacteria Xanthomonas oryzae
pv oryzae (Ding et al., 2008; Wakatake et al., 2020; Wang et al,,
2022). Furthermore, GmYUC2 was also found to regulate
rhizobacteria root nodule formation in soybean (Wang et al,
2019). The importance of auxin can also be seen in plant-
parasitic nematodes, as cyst nematodes similarly rely on auxin
flow for proper syncytia formation (Grunewald et al.,, 2009). CN has
been shown to induce auxin response in syncytia, possibly through

10.3389/fpls.2022.1019427

the effector 10A07 to promote nuclear localization of the auxin
master regulator IAA16 (Karczmarek et al,, 2004; Hewezi et al,
2015). Our findings indicate that both RKNs and CNs infection
induce YUC4 in Arabidopsis, suggesting that it may be a common
host plant response to the plant-parasitic nematodes (Figure 3,
Figure 7). However, during CNs infection, YUC4 may work with
functionally-redundant genes (possibly other YUC genes) as H.
schachtii infection, sex determination or syncytia formation was not
altered in yuc4-1 compared to Col-0 (Figure 7). In contrast, galls
development was partially impaired in yuc4-1 plants (Figure 5).
Despite having superficially similar life cycles, RKNs and CNs
feeding cells biology seems vastly distinct at the cellular and
molecular level (Sijmons et al, 1991; Williamson and Gleason,
2003). Whereas RKN induce giant cell formation from repeated
mitosis with partial cytokinesis of selected cells and lay eggs in egg
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FIGURE 5

YUC4 positively regulates RKN development and fecundity. Average gall numbers per plant at 14 DPI (A), emerged RKN adult females per gall
(B), and egg masses per gall (C) in Col-0, yucl and yuc4-1 plants. (D, E) Diameters of 7 DPI (D) and 42 DPI galls (E) in Col-0 and yuc4-1 plants.
Each data point in (A) represents average value from 6 plants. Boxplots of n > 204 are shown. Three biological replicates were performed with
similar results. Asterisks denotes significance from Col-0, *P<0.05, **P<0.01, generalized Wilcoxon rank sum test corrected for multiple

comparisons.
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masses, CN induce syncytia formation by fusing multiple host cells
together and protect eggs within trauma-resilient cysts. In this
respect, during CNs infection PIN-FORMED1 (PIN1)-mediated
auxin efflux is needed to deliver auxins to the initial syncytial cell,
where an auxin maximum is established. However, following
initiation, PIN3 and PIN4 re-distribute the accumulated auxin
laterally, which contribute to the radial expansion of the
nematode feeding sites (Grunewald et al, 2009). In contrast,
auxin importers such as AUXIN RESISTANT1 (AUXI) and
LIKE AUX1 3 (LAX3) are needed not only for giant cell
development but also for expansion (Kyndt et al., 2016). These
differences may also explain the different responses of yuc4-1 and
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pYUC4:GUS plants after CNs and RKNs infection. Further analysis
may reveal details on the biological role of YUC4-mediated local
auxin synthesis during CNs infection.

Auxin-responsive reporter activities could be detected in both
early RKN and CN infection sites (Ganguly and Dasgupta, 1987;
Hutangura et al., 1999; Karczmarek et al., 2004; Oosterbeek et al.,
2021). In this study, we have directly quantified hormone levels in
developing galls (Figure 6). Surprisingly, auxin level was reduced
only modestly and transiently in yuc4-1 (Figure 6A). It is possible
that auxin accumulation is limited only in the giant cells and/or
neighboring cells, such that the local auxin accumulation could be
detected using reporter genes, but were masked when entire galls
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were examined. pDR5:GFP signals have been documented to be
detected in early developing galls, but only in the neighboring cells
and not in the giant cells, consistent with the notion that the overall
auxin increase may not be apparent (Absmanner et al,, 2013). In
contrast, pDR5:GUS activity was detected in giant cells at 4DPI
(Cabrera et al,, 2014). GUS products are known to be very stable,
therefore, it is also possible that the accumulated auxin in galls may
been metabolized rapidly thus escaped detection.

Even though the effect of auxin in RKN infection has been
characterized in the past, the specific effects of auxin synthesis

10.3389/fpls.2022.1019427

inhibitors and auxin analogues appeared somewhat variable in our
assays (Figure 1, Figure 2). Auxin synthesis inhibitors L-kynurenine
and yucasin target different enzymes, therefore their effects cannot
be expected to be identical. Simultaneous treatment with L-
kynurenine and yucasin indeed have additive effects on seedling
growth inhibition, confirming they utilize independent mechanisms
to inhibit auxin synthesis (Nishimura et al., 2014). However, as
auxin is an essential hormone with multiple synthesis pathways, it is
physiologically impossible to fully abolish auxin synthesis. Even in
the presence of synthesis inhibitors, background residual auxins
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YUC4 promoter is active in Arabidopsis syncytia induced by Heterodera schachtii. (A—C) Roots of transgenic pYUC4::GUS Arabidopsis plants
infected by H. schachtii at 7 DPI (right panel shows enlarged image of the syncytia) (A), 14 DPI (B) and 23 DPI (C) showing intense GUS staining.
Bars = 100 pm. (D) Percentages of GUS-positive syncytia from pYUC4::GUS plants at 7, 14 and 23 DPI. Three independent experiments were
performed with at least 13 independent plants tested per infection point. Chi-square analysis [y? (2, 46) = 22.53] indicated that the distribution of
blue and white galls is significantly different among the three infection stages, P<0.05.
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always need to be accounted for. Similarly, auxin analogues IAA,
NAA and 2,4-D also show varied effects on auxin distribution and
RKN infection (Figures 1, 2). Similar variations have been observed
in rice floret closure and abscission reduction (Abebie et al., 2008;
Huang et al,, 2018). IAA, NAA and 2,4-D are known to bind the
TIR1 receptor with distinct mechanisms due to their different
sidechains (Tan et al, 2007). This is further complicated by the
fact that there are multiple members of the TIR1/AFB family, each
presumably have slightly different binding mechanisms to add
further variations among auxin analogues (Parry et al, 2009).
Lastly, there may be TIRI-independent auxin signaling pathway
through auxin-binding proteins (ABP), which introduces variations
among the responses of auxin analogues (Tromas et al., 2010).
These lines of evidence suggest it may be difficult to define a
concrete definitive auxin response based on the ligand alone.

The 11 YUC genes in the Arabidopsis genome have diverse
expression patterns and structures to synthesize auxin in
different organs (Kriechbaumer et al., 2017). The expression of
YUC genes are also repressed by auxin in a negative feedback
loop, further complicating their transcriptomic regulation
(Suzuki et al., 2015). In general, auxin is primarily synthesized
in the shoot, then moved toward the root through auxin
transporters (Ljung et al., 2001). On the other hand, auxin
synthesized in the shoot has been shown to be insufficient to
rescue the auxin deficiency in roots, suggesting local auxin
synthesis is also important in maintaining root growth
(Yamada et al., 2009; Chen et al., 2014). In roots, gravitropism
and metaxylem differentiation have been shown to be mediated
by YUC3, 5, 7, 8 and 9 (Chen et al., 2014; Ursache et al., 2014).
These YUC genes may account for the remainder of the local
auxin synthesis in roots aside from YUC4, which may explain
why very little differences were observed in the TAA levels of
yucd-1 galls (Figure 6A). In contrast, YUC4 is best known to
regulate floral development along with YUCI, and their
relationship with roots may not be immediately obvious
(Cheng et al,, 2006). YUC4 and YUCI have been reported to
regulate wounding-induced de novo organogenesis (Chen et al.,
2016), which may partially explain why YUC4 is up-regulated
during RKN infection. YUC4 is also unusual that it has 2 protein
isoforms: YUC4.1 and YUC4.2. Only YUC4.2 possesses a
transmembrane domain to anchor it to the ER cytosolic
surface, and YUC4.2 is exclusively involved in flower
development (Kriechbaumer et al., 2012). It would be
interesting to determine which of the YUC4 isoforms (if not
both) is involved in RKN gall development.

Here we showed that YUC4 involved in local auxin synthesis,
gall formation and RKN maturation (Figure 5, Figure 6A). Several
other gene products, particularly those involved in cell cycle
regulation, has been shown to regulate gall development and
RKN endophytic growth. Over-expressing several members of the
cell cycle regulator Kip-Related Proteins (KRP) family members
lead to smaller giant cells with fewer nuclei, consequently smaller
galls, and reduced numbers of galls and egg masses (Vieira et al,
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2013; Vieira and de Almeida Engler, 2015; Coelho et al., 2017). The
development of RKN in these mutants were also visibly delayed,
possibly due to the lack of nourishment from underdeveloped giant
cells. Similarly, silencing the Arabidopsis cell cycle regulator cyclin-
dependent kinase CDKA;1 also leads to reduced numbers of galls,
egg masses, and delayed RKN development (Van de Cappelle et al,,
2008). The RKN development defects in yuc4-1 appear subtle
compared to these cell cycle regulator mutants. Without
completely abolishing local auxin synthesis and auxin flow into
the roots, residual auxin may be sufficient to drive cell proliferation
to maintain gall development, which in turn supports
RKN development.

Much regarding the roles of phytohormones during
pathogen infections remain to be explored. Aside from their
expected roles in modulating plant development during
pathogenesis, other unorthodox mechanisms may also be at
work. Both auxin and cytokinin have been shown to possibly
influence RKN directly. Cytokinin has been shown to stimulate
RKN J2 stylet thrusting, thus promote foraging behaviors (Kirwa
etal, 2018). While NAA has been shown to alter RKN ]2 surface
lipophilicity, suggesting auxin-binding proteins may be present
on RKN cuticles (Akhkha et al., 2002). Both auxin and cytokinin
have been documented to be secreted by the parasitic nematodes
themselves, possibly as an aide to the infection process (De
Meutter et al., 2003). Further research on both phytohormones
and parasite biology will likely provide a better framework on
how these mechanisms overlap.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Author contributions

RS, CE, and SS conceived and designed the experiments. RS,
YK, PA-U performed the experiments. MS and CE provided
resources. RS and AT wrote the manuscript. AT and SS revised
the manuscript. SS procured funding. All authors contributed to
the article and approved the submitted version.

Funding

This work was supported by KAKENHI (21K19273,
20KK0135, 20H00422, 18H05487, and JPJSBP120223206)
from Japan Society for the Promotion of Science to SS, as well
as by the Spanish Government (PID2019-105924RB-100 MCIN/
AEI/10.13039/501100011033 and RED2018-102407-T) and the
Castilla-La Mancha Government (SBPLY/17/180501/000287

frontiersin.org


https://doi.org/10.3389/fpls.2022.1019427
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Suzuki et al.

and SBPLY/21/180501/000033) to CE. PA-U was a recipient of
an FPI grant from the Ministry of Science and Innovation.

Acknowledgments

We thank Y. Zhao (University of California San Diego) for
providing the pYUC4::GUS transgenic Arabidopsis, M. Watahiki
(Hokkaido University) for providing the yuc4-1 and yucl
mutant seeds.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Abebie, B., Lers, A., Philosoph-Hadas, S., Goren, R., Riov, J., and Meir, S. (2008).
Differential effects of NAA and 2,4-d in reducing floret abscission in cestrum
(Cestrum elegans) cut flowers are associated with their differential activation of
Aux/IAA homologous genes. Ann. Bot. 101, 249-259. doi: 10.1093/aob/mcm115

Absmanner, B., Stadler, R., and Hammes., U. Z. (2013). Phloem development in
nematode-induced feeding sites: the implications of auxin and cytokinin. Front.
Plant Sci. 4. doi: 10.3389/fpls.2013.00241

Akhkha, A., Kusel, J., Kennedy, M., and Curtis, R. (2002). Effects of
phytohormones on the surfaces of plant-parasitic nematodes. Parasitology 125,
165-175. doi: 10.1017/s0031182002001956

Barcala, M., Garcia, A., Cabrera, J., Casson, S., Lindsey, K., Favery, B., et al.
(2010). Early transcriptomic events in microdissected arabidopsis nematode-
induced giant cells. Plant J. 61, 698-712. doi: 10.1111/j.1365-313X.2009.04098 x

Benkova, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertova, D., and
Jurgens, G. (2003). Local, efflux-dependent auxin gradients as a common
module for plant organ formation. Cell 115, 591-602. doi: 10.1016/s0092-
8674(03)00924-3

Bird, D. M. K. (1992). “Mechanisms of the meloidogyne-host interaction,” in
Nematology: From molecule to ecosystems. Eds. F. J. Gommers and P. W. Th. Maas
(Dundee, Scotland: ESN), 51-59.

Bohlmann, H., and Wieczorek, K. (2015). Infection assay of cyst nematodes on
arabidopsis roots. Bio Protoc. 5, €1596. doi: 10.21769/BioProtoc.1596

Cabrera, J., Diaz-Manzano, F. E., Sanchez, M., Rosso, M. N., Melillo, T., Goh, T.,
et al. (2014). A role for LATERAL ORGAN BOUNDARIES-DOMAIN 16 during
the interaction arabidopsis-meloidogyne spp. provides a molecular link between
lateral root and root-knot nematode feeding site development. New Phytol. 203,
632-645. doi: 10.1111/nph.12826

Caillaud, M. C., Dubreuil, G., Quentin, M., Perfus-Barbeoch, L., Lecomte, P., de
Almeida Engler, ,. J., et al. (2008). Root-knot nematodes manipulate plant cell
functions during a compatible interaction. J. Plant Physiol. 165, 104-113.
doi: 1O.1016/j.jp1ph.2007.054007

Chen, Q., Dai, X., De-Paoli, H., Cheng, Y., Takebayashi, Y., Kasahara, H., et al.
(2014). Auxin overproduction in shoots cannot rescue auxin deficiencies in
arabidopsis roots. Plant Cell Physiol. 55, 1072-1079. doi: 10.1093/pcp/pcu039

Cheng, Y., Dai, X,, and Zhao, Y. (2006). Auxin biosynthesis by the YUCCA
flavin monooxygenases controls the formation of floral organs and vascular tissues
in arabidopsis. Genes Dev. 20, 1790-1799. doi: 10.1101/gad.1415106

Chen, L, Tong, J., Xiao, L., Ruan, Y., Liu, J., Zeng, M., et al. (2016). YUCCA-
mediated auxin biogenesis is required for cell fate transition occurring during de
novo root organogenesis in arabidopsis. J. Exp. Bot. 67, 4273-4284. doi: 10.1093/
jxb/erw213

Coelho, R. R., Vieira, P., Antonino de Souza Jnior, J. D., Martin-Jimenez, C., De
Veylder, L., Cazareth, J., et al. (2017). Exploiting cell cycle inhibitor genes of the
KRP family to control root-knot nematode induced feeding sites in plants. Plant
Cell Environ. 40, 1174-1188. doi: 10.1111/pce.12912

Frontiers in Plant Science

13

10.3389/fpls.2022.1019427

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1019427/full#supplementary-material

de Almeida Engler, J., De Vleesschauwer, V., Burssens, S., Celenza, J. LJr, Inzé,
D., Van Montagu, M., et al. (1999). Molecular markers and cell cycle inhibitors
show the importance of cell cycle progression in nematode-induced galls and
syncytia. Plant Cell 11, 793-808. doi: 10.1105/tpc.11.5.793

De Meutter, J., Tytgat, T., Witters, E., Gheysen, G., Van Onckelen, H., and
Gheysen, G. (2003). Identification of cytokinins produced by the plant parasitic
nematodes heterodera schachtii and meloidogyne incognita. Mol. Plant Pathol. 4,
271-277. doi: 10.1046/j.1364-3703.2003.00176.x

Diaz-Manzano, F. E., Cabrera, J., Ripoll, J. J., Del Olmo, L, Andrés, M. F,, Silva,
A. C, etal. (2019). A role for the gene regulatory module microRNA172/TARGET
OF EARLY ACTIVATION TAGGED 1/FLOWERING LOCUS T (miRNA172/
TOE1/FT) in the feeding sites induced by meloidogyne javanica in arabidopsis
thaliana. New Phytol. 217, 813-827. doi: 10.1111/nph.14839

Di Mambro, R., De Ruvo, M., Pacifici, E., Salvi, E., Sozzani, R., Benfey., P. N,,
et al. (2017). Auxin minimum triggers the developmental switch from cell division
to cell differentiation in the arabidopsis root. Proc. Natl. Acad. Sci. U. S. A. 114,
E7641-E7649. doi: 10.1073/pnas.1705833114

Ding, X., Cao, Y., Huang, L., Zhao, J., Xu, C,, Li, X,, et al. (2008). Activation of
the indole-3-acetic acid-amido synthetase GH3-8 suppresses expansin expression
and promotes salicylate- and jasmonate-independent basal immunity in rice. Plant
Cell 20, 228-240. doi: 10.1105/tpc.107.055657

Favery, B., Quentin, M., Jaubert-Possamai, S., and Abad, P. (2016). Gall-forming
root-knot nematodes hijack key plant cellular functions to induce multinucleate
and hypertrophied feeding cells. J. Insect Physiol. 84, 60-69. doi: 10.1016/
j.jinsphys.2015.07.013

Gamborg, O. L., Miller, R. A, and Ojima, K. (1968). Nutrient requirements of
suspension cultures of soybean root cells. Exp. Cell Res. 50, 151-158. doi: 10.1016/
0014-4827(68)90403-5

Ganguly, A. K., and Dasgupta, D. R. (1987). Comparison of protein and some
enzymes from galled and non-galled parts of the same root system of tomato
cultivar pusa ruby infected with root-knot nematode, meloidogyne incognita.
Indian ]. Nematol. 17, 343-345.

Gheysen, G., and Mitchum, M. G. (2019). Phytoparasitic nematode control of
plant hormone pathways. Plant Physiol. 179, 1212-1226. doi: 10.1104/pp.18.01067

Glazer, L, Epstein, E., Orion, D., and Apelbaum, A. (1986). Interactions between
auxin and ethylene in root-knot nematode (Meloidogyne javanica) infected tomato
roots. Physiol. Mol. Plant Pathol. 28, 171-179. doi: 10.1016/S0048-4059(86)
80061-3

Grunewald, W., Cannoot, B., Friml, J., and Gheysen, G. (2009). Parasitic
nematodes modulate PIN-mediated auxin transport to facilitate infection. PloS
Pathog. 5, €1000266. doi: 10.1371/journal.ppat.1000266

He, W., Brumos, J., Li, H,, Ji, Y., Ke, M., Gong, X, et al. (2011). A small-molecule
screen identifies L-kynurenine as a competitive inhibitor of TAA1/TAR activity in
ethylene-directed auxin biosynthesis and root growth in arabidopsis. Plant Cell 23,
3944-3960. doi: 10.1105/tpc.111.089029

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1019427/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1019427/full#supplementary-material
https://doi.org/10.1093/aob/mcm115
https://doi.org/10.3389/fpls.2013.00241
https://doi.org/10.1017/s0031182002001956
https://doi.org/10.1111/j.1365-313X.2009.04098.x
https://doi.org/10.1016/s0092-8674(03)00924-3
https://doi.org/10.1016/s0092-8674(03)00924-3
https://doi.org/10.21769/BioProtoc.1596
https://doi.org/10.1111/nph.12826
https://doi.org/10.1016/j.jplph.2007.05.007
https://doi.org/10.1093/pcp/pcu039
https://doi.org/10.1101/gad.1415106
https://doi.org/10.1093/jxb/erw213
https://doi.org/10.1093/jxb/erw213
https://doi.org/10.1111/pce.12912
https://doi.org/10.1105/tpc.11.5.793
https://doi.org/10.1046/j.1364-3703.2003.00176.x
https://doi.org/10.1111/nph.14839
https://doi.org/10.1073/pnas.1705833114
https://doi.org/10.1105/tpc.107.055657
https://doi.org/10.1016/j.jinsphys.2015.07.013
https://doi.org/10.1016/j.jinsphys.2015.07.013
https://doi.org/10.1016/0014-4827(68)90403-5
https://doi.org/10.1016/0014-4827(68)90403-5
https://doi.org/10.1104/pp.18.01067
https://doi.org/10.1016/S0048-4059(86)80061-3
https://doi.org/10.1016/S0048-4059(86)80061-3
https://doi.org/10.1371/journal.ppat.1000266
https://doi.org/10.1105/tpc.111.089029
https://doi.org/10.3389/fpls.2022.1019427
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Suzuki et al.

Hewezi, T., Juvale, P. S, Piya, S., Maier, T. R., Rambani, A., Rice, J. H., et al.
(2015). The cyst nematode effector protein 10A07 targets and recruits host
posttranslational machinery to mediate its nuclear trafficking and to promote
parasitism in arabidopsis. Plant Cell 27, 891-907. doi: 10.1105/tpc.114.135327

Huang, Y., Zeng, X, and Cao, H. (2018). Hormonal regulation of floret closure of
rice (Oryza sativa). PloS One 13, €0198828. doi: 10.1371/journal.pone.0198828

Hutangura, P., Mathesius, U., Jones, M. G. K, and Rolfe, B. G. (1999). Auxin
induction is a trigger for root gall formation caused by root-knot nematodes in
white clover and is associated with the activation of the flavonoid pathway. Aust. J.
Plant Physiol. 26, 221-231. doi: 10.1071/PP98157

Jones, M. G. K., and Payne, H. L. (1978). Early stages of nematode-induced
giant-cell formation in roots of impatiens balsamina. J. Nematol. 10, 70-84.

Kammerhofer, N., Radakovic, Z., Regis, ]. M., Dobrev, P., Vankova, R., and
Grundler, F. M. (2015). Role of stress-related hormones in plant defence during
early infection of the cyst nematode heterodera schachtii in arabidopsis. New
Phytol. 207, 778-789. doi: 10.1111/nph.13395

Kanno, Y., Oikawa, T., Chiba, Y., Ishimaru, Y., Shimizu, T., and Sano, N. (2016).
AtSWEET13 and AtSWEET14 regulate gibberellin-mediated physiological
processes. Nat. Commun. 7, 13245. doi: 10.1038/ncomms13245

Karczmarek, A., Overmars, H., Helder, J., and Goverse, A. (2004). Feeding cell
development by cyst and root-knot nematodes involves a similar early, local and
transient active tion of a specific auxin-inducible promoter element. Mol. Plant
Pathol. 5, 343-346. doi: 10.1111/j.1364-3703.2004.00230.x

Kirwa, H. K., Murungi, L. K, Beck, J. J., and Torto, B. (2018). Elicitation of
differential responses in the root-knot nematode meloidogyne incognita to tomato
root exudate cytokinin, flavonoids, and alkaloids. J. Agric. Food Chem. 66, 11291—
11300. doi: 10.1021/acs.jafc.8b05101

Kochba, J., and Samish, R. M. (1971). Effect of kinetin and 1-naphthylacetic acid
on root-knot nematodes in resistant and susceptible peach rootstocks. J. Am. Soc
Hortic. Sci. 96, 458-461. doi: 10.21273/JASHS.96.4.458

Kriechbaumer, V., Botchway, S. W., and Hawes, C. (2017). Localization and
interactions between arabidopsis auxin biosynthetic enzymes in the TAA/YUC-
dependent pathway. J. Exp. Bot. 68, 4195-4207. doi: 10.1093/jxb/erw195

Kriechbaumer, V., Wang, P., Hawes, C., and Abell, B. M. (2012). Alternative
splicing of the auxin biosynthesis gene YUCCA4 determines its subcellular
compartmentation. Plant J. 70, 292-302. doi: 10.1111/j.1365-313X.2011.04866.x

Kyndt, T., Goverse, A., Haegeman, A., Warmerdam, S., Wanjau, C., Jahani, M.,
et al. (2016). Redirection of auxin flow in arabidopsis thaliana roots after infection
by root-knot nematodes. J. Exp. Bot. 67, 4559-4570. doi: 10.1093/jxb/erw230

Ljung, K., Bhalerao, R. P., and Sandberg, G. (2001). Sites and homeostatic
control of auxin biosynthesis in arabidopsis during vegetative growth. Plant J. 28,
465-474. doi: 10.1046/j.1365-313x.2001.01173.x

Mashiguchi, K., Tanaka, K., Sakai, T., Sugawara, S., Kawaide, H., Natsume, M.,
etal. (2011). The main auxin biosynthesis pathway in arabidopsis. Proc. Natl. Acad.
Sci. U. S. A. 108, 18512-18517. doi: 10.1073/pnas.1108434108

Matthes, M. S., Best, N. B,, Robil, J. M., Malcomber, S., Gallavotti, A., and
McSteen, P. (2018). Auxin EvoDevo: Conservation and diversification of genes
regulating auxin biosynthesis, transport, and signaling. Mol. Plant 12, 298-320.
doi: 10.1016/j.molp.2018.12.012

Molinari, S. (2016). Systemic acquired resistance activation in solanaceous crops
as a management strategy against root-knot nematodes. Pest Manage. Sci. 72, 888-
896. doi: 10.1002/ps.4063

Nishimura, T., Hayashi, K., Suzuki, H., Gyohda, A., Takaoka, C., Sakaguchi, Y.,
et al. (2014). Yucasin is a potent inhibitor of YUCCA, a key enzyme in auxin
biosynthesis. Plant J. 77, 352-366. doi: 10.1111/tpj.12399

Nishiyama, H., Ngan, B.T., Nakagami, S., Ejima, C., and Ishida and Sawa, T. S.
(2015). Protocol for root-knot nematode culture by a hydroponic system and
nematode inoculation to Arabidopsis. Nematological Research 45, 45-49.
doi: 10.3725/jjn.45.45

Olmo, R., Cabrera, J., Diaz-Manzano, F. E., Ruiz-Ferrer, V., Barcala, M., Ishida,
T., et al. (2020). Root-knot nematodes induce gall formation by recruiting
developmental pathways of post-embryonic organogenesis and regeneration to
promote transient pluripotency. New Phytol. 227,200-215. doi: 10.1111/nph.16521

Olmo, R, Silva, A. C., Diaz-Manzano, F. E., Cabrera, J., Fenoll, C., and Escobar,
C. (2017). A standardized method to assess infection rates of root-knot and cyst
nematodes in arabidopsis thaliana mutants with alterations in root development
related to auxin and cytokinin signaling. Methods Mol. Biol. 1569, 73-81.
doi: 10.1007/978-1-4939-6831-2_5

Qosterbeek, M., Lozano-Torres, J. L., Bakker, J., and Goverse, A. (2021).
Sedentary plant-parasitic nematodes alter auxin homeostasis via multiple
strategies. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.668548

Parry, G., Calderon-Villalobos, L. I, Prigge, M., Peret, B., Dharmasiri, S., Itoh,
H., et al. (2009). Complex regulation of the TIR1/AFB family of auxin receptors.
Proc. Natl. Acad. Sci. U.S.A. 106, 22540-22545. doi: 10.1073/pnas.0911967106

Frontiers in Plant Science

14

10.3389/fpls.2022.1019427

Richardson, L., and Price, N. S. (1984). Observations on the biology of
meloidogyne incognita and the diageotropica tomato mutant. Rev. Nematologie
7, 97-99.

Sauer, M., Robert, S., and Kleine-Vehn, J. (2013). Auxin: simply complicated. J.
Exp. Bot. 64, 2565-2577. doi: 10.1093/jxb/ert139

Schaller, G. E., Street, I. H., and Kieber, J. J. (2014). Cytokinin and the cell cycle.
Curr. Opin. Plant Biol. 21, 7-15. doi: 10.1016/j.pbi.2014.05.015

Siddique, S., Radakovic, Z. S., de la Torre, C. M., Chronis, D., Novak, O,
Ramireddy, E., et al. (2015). A parasitic nematode releases cytokinin that controls
cell division and orchestrates feeding site formation in host plants. Proc. Natl. Acad.
Sci. U. S. A. 112, 12669-12674. doi: 10.1073/pnas.1503657112

Sijmons, P. C., Grundler, F. M. W., Von Mende, N., Burrows, P. R., and Wyss, U.
(1991). Arabidopsis thaliana as a new model host for plant-parasitic nematodes.
Plant J. 1, 245-254. doi: 10.1111/j.1365-313X.1991.00245.x

Stepanova, A. N,, Robertson—Hoyt, J., Yun, J., Benavente, L. M., Xie, D. Y.,
Dolezal, K., et al. (2008). TAAI-mediated auxin biosynthesis is essential for
hormone crosstalk and plant development. Cell. 133, 177-191. doi: 10.1016/
j.cell.2008.01.047

Suzuki, M., Yamazaki, C., Mitsui, M., Kakei, Y., Mitani, Y., Nakamura, A., et al.
(2015). Transcriptional feedback regulation of YUCCA genes in response to auxin
levels in arabidopsis. Plant Cell Rep. 34 (8), 1343-1352. doi: 10.1007/s00299-015-
1791-z

Tan, X., Calderon-Villalobos, L. I., Sharon, M., Zheng, C., Robinson, C. V.,
Estelle, M., et al. (2007). Mechanism of auxin perception by the TIRI ubiquitin
ligase. Nature 446, 640-645. doi: 10.1038/nature05731

Tromas, A., Paponov, I, and Perrot-Rechenmann, C. (2010). Auxin binding
protein 1 functional and evolutionary aspects. Trends Plant Sci. 15, 436-446.
doi: 10.1016/j.tplants.2010.05.001

Tsugafune, S., Mashiguchi, K., Fukui, K., Takebayashi, Y., Nishimura, T., Sakai,
T., etal. (2017). Yucasin DF, a potent and persistent inhibitor of auxin biosynthesis
in plants. Sci. Rep. 7, 13992. doi: 10.1038/s41598-017-14332-w

Ursache, R., Miyashima, S., Chen, Q., Vaten, A., Nakajima, K., Carlsbecker, A.,
et al. (2014). Tryptophan-dependent auxin biosynthesis is required for HD-ZIP III-
mediated xylem patterning. Development. 141, 1250-1259. doi: 10.1242/
dev.103473

Van de Cappelle, E., Plovie, E., Kyndt, T., Grunewald, W., Cannoot, B., and
Gheysen, G. (2008). AtCDKA;1 silencing in arabidopsis thaliana reduces
reproduction of sedentary plant-parasitic nematodes. Plant Biotechnol. J. 6, 749—
757. doi: 10.1111/j.1467-7652.2008.00355.x

Van Overbeek, J. (1959). Auxins. Bot. Rev. 25, 269-350. doi: 10.1007/
BF02860041

Vieira, P., and de Almeida Engler, J. (2015). The plant cell inhibitor KRP6 is
involved in multinucleation and cytokinesis disruption in giant-feeding cells
induced by root-knot nematodes. Plant Signal Behav. 10, €1010924. doi: 10.1080/
15592324.2015.1010924

Vieira, P., Escudero, C., Rodiuc, N., Borug, J., Russinova, E., Glab, N,, et al.
(2013). Ectopic expression of kip-related proteins restrains root-knot nematode-
feeding site expansion. New Phytol. 199, 505-519. doi: 10.1111/nph.12255

Wakatake, T., Ogawa, S., Yoshida, S., and Shirasu, K. (2020). An auxin transport
network underlies xylem bridge formation between the hemi-parasitic plant
phtheirospermum japonicum and host arabidopsis. Development 147,
dev187781. doi: 10.1242/dev.187781

Wang, X., Cheng, C., Zhang, K, Tian, Z., Xu, J., Yang, S., et al. (2018).
Comparative transcriptomics reveals suppressed expression of genes related to
auxin and the cell cycle contributes to the resistance of cucumber against
meloidogyne incognita. BMC Genomics 19, 583. doi: 10.1186/s12864-018-4979-0

Wang, J., Hu, T., Wang, W., Hu, H., Wei, Q., Yan, Y., et al. (2022). Comparative
transcriptome analysis reveals distinct responsive biological processes in radish
genotypes contrasting for plasmodiophora brassicae interaction. Gene 817, 146170.
doi: 10.1016/j.gene.2021.146170

Wang, Y., Yang, W., Zuo, Y., Zhu, L., Hastwell, A. H., Chen, L., et al. (2019).
GmYUC2a mediates auxin biosynthesis during root development and nodulation
in soybean. J. Exp. Bot. 70, 3165-3176. doi: 10.1093/jxb/erz144

Williamson, V. M., and Gleason, C. A. (2003). Plant-nematode interactions.
Curr. Opin. Plant Biol. 6, 327-633. doi: 10.1016/s1369-5266(03)00059-1

Won, C., Shen, X., Mashiguchi, K., Zheng, Z., Dai, X,, and Cheng, Y. (2011).
Conversion of tryptophan to indole-3-acetic acid by TRYPTOPHAN
AMINOTRANSFERASES OF ARABIDOPSIS and YUCCASs in arabidopsis. Proc.
Natl. Acad. Sci. U. S. A. 108, 18518-18523. doi: 10.1073/pnas.1108436108

Wyss, U., Grundler, F., and Munch, A. (1992). The parasitic behaviour of
second-stage juveniles of meloidogyne incognita in roots of arabidopsis thaliana.
Nematologica 38, 98-111. doi: 10.1163/187529292X00081

Xu, D., Miao, J., Yumoto, E., Yokota, T., Asahina, M., and Watahiki, M. (2017).
YUCCA9-mediated auxin biosynthesis and polar auxin transport synergistically

frontiersin.org


https://doi.org/10.1105/tpc.114.135327
https://doi.org/10.1371/journal.pone.0198828
https://doi.org/10.1071/PP98157
https://doi.org/10.1111/nph.13395
https://doi.org/10.1038/ncomms13245
https://doi.org/10.1111/j.1364-3703.2004.00230.x
https://doi.org/10.1021/acs.jafc.8b05101
https://doi.org/10.21273/JASHS.96.4.458
https://doi.org/10.1093/jxb/erw195
https://doi.org/10.1111/j.1365-313X.2011.04866.x
https://doi.org/10.1093/jxb/erw230
https://doi.org/10.1046/j.1365-313x.2001.01173.x
https://doi.org/10.1073/pnas.1108434108
https://doi.org/10.1016/j.molp.2018.12.012
https://doi.org/10.1002/ps.4063
https://doi.org/10.1111/tpj.12399
https://doi.org/10.3725/jjn.45.45
https://doi.org/10.1111/nph.16521
https://doi.org/10.1007/978-1-4939-6831-2_5
https://doi.org/10.3389/fpls.2021.668548
https://doi.org/10.1073/pnas.0911967106
https://doi.org/10.1093/jxb/ert139
https://doi.org/10.1016/j.pbi.2014.05.015
https://doi.org/10.1073/pnas.1503657112
https://doi.org/10.1111/j.1365-313X.1991.00245.x
https://doi.org/10.1016/j.cell.2008.01.047
https://doi.org/10.1016/j.cell.2008.01.047
https://doi.org/10.1007/s00299-015-1791-z
https://doi.org/10.1007/s00299-015-1791-z
https://doi.org/10.1038/nature05731
https://doi.org/10.1016/j.tplants.2010.05.001
https://doi.org/10.1038/s41598-017-14332-w
https://doi.org/10.1242/dev.103473
https://doi.org/10.1242/dev.103473
https://doi.org/10.1111/j.1467-7652.2008.00355.x
https://doi.org/10.1007/BF02860041
https://doi.org/10.1007/BF02860041
https://doi.org/10.1080/15592324.2015.1010924
https://doi.org/10.1080/15592324.2015.1010924
https://doi.org/10.1111/nph.12255
https://doi.org/10.1242/dev.187781
https://doi.org/10.1186/s12864-018-4979-0
https://doi.org/10.1016/j.gene.2021.146170
https://doi.org/10.1093/jxb/erz144
https://doi.org/10.1016/s1369-5266(03)00059-1
https://doi.org/10.1073/pnas.1108436108
https://doi.org/10.1163/187529292X00081
https://doi.org/10.3389/fpls.2022.1019427
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Suzuki et al.

regulate regeneration of root systems following root cutting. Plant Cell Physiol. 58,
1710-1723. doi: 10.1093/pcp/pcx107

Yamada, M., Greenham, K., Prigge, M. J., Jensen, P. J., and Estelle, M. (2009).
The TRANSPORT INHIBITOR RESPONSE2 gene is required for auxin synthesis
and diverse aspects of plant development. Plant Physiol. 151, 168-179.
doi: 10.1104/pp.109.138859

Frontiers in Plant Science

15

10.3389/fpls.2022.1019427

Yamaguchi, Y. L., Suzuki, R., Cabrera, J., Nakagami, S., Sagara, T., Ejima, C,,
et al. (2017). Root-knot and cyst nematodes activate procambium-associated genes
in arabidopsis roots. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01195

Zhao, Y. (2010). Auxin biosynthesis and its role in plant development.
Annu. Rev. Plant Biol. 61, 49-64. doi: 10.1146/annurev-arplant-042809-
112308

frontiersin.org


https://doi.org/10.1093/pcp/pcx107
https://doi.org/10.1104/pp.109.138859
https://doi.org/10.3389/fpls.2017.01195
https://doi.org/10.1146/annurev-arplant-042809-112308
https://doi.org/10.1146/annurev-arplant-042809-112308
https://doi.org/10.3389/fpls.2022.1019427
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Local auxin synthesis mediated by YUCCA4 induced during root-knot nematode infection positively regulates gall growth and nematode development
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Nematode infection assay
	Histological staining and microscopy
	Hormone quantification
	Transcript analysis

	Results
	Local auxin synthesis regulates gall development
	Auxin synthetic gene YUC4 is expressed in galls
	YUC4 positively regulates RKN maturation and fecundity
	Localized auxin synthesis is required for RKN maturation
	YUC4 is induced by cyst nematode Heterodera schachtii infection

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


