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Abstract: The small compound [5-(3,4-dichlorophenyl) furan-2-yl]-piperidine-1-ylmethanethione
(DFPM) inhibits ABA responses by activating effector-triggered immune signal transduction in Ara-
bidopsis. In addition to the known function of DFPM as an antagonist of ABA signaling, DFPM causes
accession-specific root growth arrest in Arabidopsis Columbia-0 via the TIR-NLR protein VICTR
(VARIATION IN COMPOUND TRIGGERED ROQOT growth response) in an EDS1/PAD4/RAR1/
SGT1B-dependent manner. Although DFPM could control the specific steps of various cellular
responses, the functional residues for the activity of DFPM or the existence of a stronger version of
DFPM modification have not been characterized thoroughly. This study analyzed twenty-two DFPM
derivatives during root growth arrest, inhibition of ABA signaling, and induction of biotic signal
transduction to determine critical residues that confer the specific activity of DFPM. Furthermore,
this study identified two more Arabidopsis accessions that generate significant root growth arrest
in response to DFPM derivatives dependent on multiple amino acid polymorphisms in the coding
region of VICTR. The isolation of novel compounds, such as DFPM-5, and specific amino acid poly-
morphisms critical for the compound-induced responses will help determine the detailed regulatory
mechanism for how DFPM regulates abiotic and biotic stress signaling interactions.
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1. Introduction

Chemical genetics has become a powerful approach using small molecules to dissect
complex physiological responses in plants. Small molecules allow the rapid, reversible, and
conditional manipulation of biological systems at the subcellular or organismal level [1,2].
The small molecule approach can also overcome the limitations of conventional genetic
studies, such as genetic redundancy and lethality problems [3,4]. High-throughput screen-
ing of diverse chemical libraries has been validated as a compelling tool to identify novel
molecules that regulate many cellular responses, such as plant hormone signaling. The
characterization of the specific target proteins and signaling pathways induced by a bioac-
tive small molecule has led to the discovery of novel regulatory components in many
phytohormone signaling networks [5-8]. The plant hormone ABA regulates various phys-
iological processes of plant growth, development, and adaptive responses to diverse
environmental stresses [9]. The increased ABAs bind to the RCAR/PYR/PYL receptors,
allowing SnRK2s to phosphorylate the downstream transcription factors and the ion chan-
nels, leading to cellular responses against stresses [10-12]. A small molecule called DFPM
([5-(3,4-dichlorophenyl)furan-2-yl]-piperidine-1-ylmethanethione) that effectively antag-
onized ABA-responsive gene expression was isolated by screening a 9600-compound
chemical library [13]. The inhibitory effects of DFPM were not observed in the defense
signaling mutants, including eds1-2, pad4-1, sgt1b, and rar1-21, showing that the DFPM inhi-
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bition of ABA signal transduction requires early signaling components of effector-triggered
immunity (ETI) [13].

Plant disease resistance (R) genes usually encode nucleotide-binding and leucine-
rich repeat (NLR) receptors that mediate the recognition of diverse effectors from many
classes of plant pathogens and activate the ETI responses [14-16]. Effector recognition by
the NLRs can occur due to either direct physical interactions between the NLRs and the
effectors or the monitoring of the modification of host proteins targeted by the effectors [17].
Plant NLRs can be divided mainly into three subfamilies depending on their N-terminal
signaling domain: the Toll/interleukin-1 receptor (TIR)-NLR (TNL), the coiled-coil (CC)-
NLR (CNL), or the RPW8 (Resistance to Powdery Mildew 8)-like coiled-coil (CCr)-NLR
(RNL). These receptors influence the requirement for distinct downstream defense signaling
components [18,19]. The TIR domains of TNLs have enzyme activities that generate
nucleotide metabolites mediating the complex formation of EDS1 (Enhanced Disease
Susceptibility 1)-PAD4 (Phytoalexin Deficient 4) and EDS1-SAG101 (Senescence-Associated
Gene 101) dimers with ADRI1 (Activated Disease Resistance 1) and NRG1 (N Requirement
Gene 1), respectively [20-22]. A single plant genome usually encodes hundreds of NLR
genes to combat diverse and fast-evolving pathogens. These gene numbers and sequence
compositions vary substantially among plant species or even within family members in
the same genome [23,24]. For example, in the genome of Arabidopsis Col-0 accession,
160 NLR-encoding genes were identified, while up to 251 NLR genes were found in other
accessions of Arabidopsis [24-26]. More than 500 NLR-encoding genes are annotated
in rice cultivars, and over 2000 NLRs are annotated in bread wheat, the largest number
reported so far [27,28]. Interestingly, DFPM generates an accession-specific root growth
arrest in the Col-0 accession of Arabidopsis thaliana via a natural genetic variant in the
TNL protein VICTR (VARIATION IN COMPOUND TRIGGERED ROOT growth response).
Furthermore, the DFPM-mediated root growth inhibition requires the early components of
the R gene resistance pathway, including EDS1, PAD4, RAR1, and SGT1B [29]. DFPM might
be involved in controlling several signaling pathways affecting plant stress responses and
root growth, considering the multiple phenotypes caused by DFPM and its dependence
on certain gene products. Nevertheless, the correlation between its structural motifs and a
specific biological activity has not been characterized.

This study analyzed twenty-two derivatives of DFPM to characterize the specific activ-
ity of DFPM with modifications of functional residues. The root growth arrest phenotype
was initially examined for twenty-two DFPM derivatives, and five candidate compounds
with a strong inhibitory effect on the primary root growth were isolated. The five notable
compounds were analyzed further by gene expression analyses and root growth assays
using defense-signaling mutants and various Arabidopsis accessions. As a result, the
derivative DFPM-5 enhanced the root growth arrest and inhibited the ABA-induced gene
expression more than the level of the original DFPM. Furthermore, several specific amino
acid polymorphisms within the VICTR locus are critical for triggering compound-induced
root growth inhibition. Novel compounds, such as DFPM-5, might be an efficient tool for
further investigating abiotic and biotic stress pathways.

2. Materials and Methods
2.1. Chemicals

Twenty-two DFPM derivatives were synthesized as described by Lee et al. [30].

2.2. Plant Materials and Root Growth Assay

Seeds of Arabidopsis (Columbia—0 (Col-0) accession) were sterilized with 100% ethanol
and sown on growth medium (0.5x Murashige & Skoog (MS), 0.05% MES, 1% sucrose,
0.8% plant agar, pH 5.8). After two days of stratification at 4 °C, the plants were grown
vertically for eight days at 22 °C under long-day (16 h light/8 h dark) conditions. Eight-
day-old seedlings were transferred to a new solid medium containing 10 uM of each
DFPM derivative. The ends of each primary and lateral root of seedlings were marked and
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monitored to observe root growth arrest after six more days. All root growth experiments
were repeated at least three times in independent experiments. The Arabidopsis ecotype
set, eds1-2, pad4-1, sqt1b, and victr1-1 in the Col-0 accession, was described previously [29].

2.3. Reporter Gene Expression Analysis

The homozygous T3 transgenic RAB18:GFP line was used to examine the inhibitory
effects of ABA-induced RAB18 expression [13]. Transgenic lines were grown vertically for
14 days on agar growth media (0.5x MS), transferred to eight-well culture plates containing
40 uM of each DFPM derivative or DMSO, and incubated for six hours. After pre-treatment
with DFPM derivatives, 10 utM ABA was added and incubated for 10 h. The RAB18 reporter
gene expression was monitored using a NIGTHSEA SFA (Electron Microscopy Sciences,
Hatfield, PA, USA) light and filter set (Royal blue).

2.4. Quantitative Real-Time PCR

Arabidopsis Col-0 seedlings grown for 12 days on growth media were pre-treated with
30 uM DFPM derivatives or DMSO for an hour and then treated with 10 uM ABA for five
hours. The total RNAs were extracted using TRIsure™ (Meridian Bioscience Inc., Memphis,
TN, USA) and treated with DNase I (Thermo Fisher Scientific, Waltham, MA, USA) before
reverse transcription using SensiFAST™ cDNA Synthesis Kit (Meridian Bioscience Inc.,
Memphis, TN, USA). The mRNA expression of the target gene was measured by RT-qPCR
using SensiFAST™ SYBR® Hi-ROX Kit (Meridian Bioscience Inc., Memphis, TN, USA) and
normalized relative to the expression of the Clathrin gene (At4g24550) (Table S1). Four
replicates were run for each sample.

2.5. Comparative Sequence Analysis

VICTR genomic DNA fragments from 8 Arabidopsis accessions (Col-0, Leol, Niel.2,
Bay-0, Kin-0, Blal, ICE111, and ICE 112) were amplified using multiple primer pairs
(Table S1). The deduced amino acid sequences of the amplified DNA fragments from each
Arabidopsis accession were aligned using the Clustal Omega multiple sequence alignment
program (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 19 October 2022) [31].
Analyses of DNA similarity were carried out using the BLASTn and BLASTx packages at
NCBI (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 2 November 2022) and TAIR
(http:/ /www.arabidopsis.org, accessed on 2 November 2022).

2.6. Map-Based Cloning

A map-based cloning approach was used to identify the dfin locus. The dfin mutants in
the Col-0 background isolated from the activation tagging mutant population were crossed
to the Ler wild-type. Nineteen F1 hybrid plants were grown on a growth medium for
further analysis. For root growth assays, seven-day-old F1 seedlings were transferred to
a solid medium containing 10 pM DFPM and monitored to observe root growth arrest
after six more days. A population of Col-0 dfin x Ler F2 seeds was collected from the
self-pollination of the F1 hybrids, and their root growth phenotypes were determined.
For the initial mapping, 48 homozygous wild types were isolated from the F2 population
and genotyped with 22 mapping markers, spaced roughly every 20 cM apart on the five
chromosomes. An additional 31 F2 plants and mapping markers were used to narrow
down the candidate to the 50 Kb region. The coding region of VICTR was sequenced by
using multiple primer pairs (Table S1), and the single-nucleotide mutations in multiple dfin
mutants from independent seed pools were identified to confirm whether the corresponding
dfin mutations were in the VICTR locus.

3. Results
3.1. DFPM Derivatives Have Specific Effects on Root Growth

The small compound DFPM inhibited the ABA signal transduction and caused primary
root growth arrest in an accession-specific way by targeting the TNR protein VICTR [13,29].


https://www.ebi.ac.uk/Tools/msa/clustalo/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.arabidopsis.org

Life 2023, 13, 1797

40f12

The root growth arrest phenotype was assessed for the twenty-two chemical compounds
structurally similar to DFPM to define critical structural motifs required for triggering the
DFPM-induced root growth arrest and isolate novel derivative compounds containing
more specific functions than DFPM (Figure S1). Seven-day-old seedlings grown from a
normal growth medium were transferred to the plates with 10 uM of each of the chemicals
and monitored for the production of any root growth arrest phenotype for a week. Overall,
many derivatives lost their activity on the primary root growth arrest, even those with a
slight structural modification of the original DFPM. On the other hand, several derivatives
produced significant root growth arrests similar to the phenotypes produced by DFPM
(Figure 1A). Based on the primary root growth phenotype, six notable compounds showing
similar biological activity to the level of original DFPM were identified: DFPM-3, -5, -17, -18,
-24, and -25. While DFPM-25 had poor synthesis efficiency, the other five small compounds
were further analyzed. The lateral root phenotypes, including the total numbers and lengths
of lateral roots for the five candidate compounds, were analyzed further. Treatments with
the selected DFPM derivatives reduced the total number of lateral roots compared to the
DMSO control (Figure 1B). The DFPM-17, -18, and -24 treatments decreased the number of
lateral roots while increasing the average later root length compared to the DMSO control.
Application of DFPM-3 and -5 exhibited stronger inhibitory effects on the lateral root
formation compared to the DFPM. Among the compounds analyzed, DFPM-5, a precursor
of the original DPFM, produced the highest inhibitory effect on the primary root growth
(Figure 1A) and the number and length of lateral roots (Figure 1B,C).
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Figure 1. Effects on the primary and lateral root growth by the DFPM derivatives. (A) The DFPM-
induced primary root growth arrest phenotype was compared to roots treated with twenty-two
DFPM derivatives. Seven-day-old Col-0 seedlings were treated with 10 uM of DFPM or DFPM
derivatives and monitored for their growth after six days. Several DFPM derivatives produced signif-
icant primary root growth arrest phenotypes in the Col-0 wildtype. (B) The lateral root number and
(C) lateral root frequency of plants treated with selected compounds were examined. (D) Representa-
tive photographs of Col-0 seedlings grown on MS media containing DMSO, DFPM, DFPM-5, and
DFPM-17. The black horizontal bars on the root tips mark the starting point when the plants were
transferred to the plates with designated chemicals. Treatment with 10 uM DMSO was used as a
control. Data represent mean values + SD (n = 3, each with 12 seedlings). Different letters on top
of the error bars indicate significant differences as determined by one-way ANOVA with Tukey’s
post-test (p < 0.001).
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3.2. Selected Chemicals Affect Expression Patterns of the ABA-Responsive Genes and the
Pathogen-Responsive Genes

DFPM disrupts the ABA-induced gene expression through interference in ABA signal-
ing [13]. The ABA induction of RAB18 was examined together with candidate chemicals
using the RAB18 promoter-GFP reporter lines to determine if the selected DFPM deriva-
tives could inhibit the induction of the ABA-responsive genes. Treatments with the five
DFPM derivatives reduced the ABA-induced RAB18 expression in the GFP reporter lines
(Figure 2A). Downregulation of the ABA-responsive genes, including RAB18 and RD29B,
was also confirmed by quantitative RT-PCR analyses in Col-0 (Figure 2B). In particular,
DFPM-5 showed the strongest inhibitory effect on ABA-responsive gene expression, which
was also observed in root growth analysis (Figures 1A,B and 2B). DFPM also induces plant
immunity-related gene expression by activating TNL-derived immune signaling [29]. The
selected DFPM derivatives produced inductions of the pathogen-responsive PR2 and PR5
genes (Figure 2C). The increase in PR2 gene expression by most small compounds was
smaller than that by DFPM, whereas PR5 gene expression by DFPM-5, -17, -18, or -24 was
upregulated significantly compared to that by DFPM (Figure 2C).
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Figure 2. Selected DFPM derivatives inhibit the ABA induction of gene expression and stimulate
the induction of pathogen-responsive gene expression. (A) Treatments with the DFPM derivatives
reduced the ABA induction of GFP expression in RAB18-GFP reporter lines. Two-week-old transgenic
seedlings were pre-treated with 40 uM of DFPM derivatives or DMSO for 6 h and then incubated in
10 uM ABA for 10 h. The same concentration of DMSO without ABA was used as a control. (B) DFPM
derivatives in the inhibition of the ABA-induced gene expression were measured by quantitative
PCR. Seedlings were pre-treated with 30 uM DFPM derivatives or DMSO (mock treatment) for an
hour and then incubated with 10 uM ABA for five hours. DMSO treatment without ABA was used
as a control. (C) DFPM derivatives in the induction of the pathogen-responsive gene expression
were measured by quantitative PCR. Seedlings were treated with 30 uM DFPM derivatives or DMSO
(control) for six hours. Data represent mean values + SD (n = 3). Different letters on top of the
error bars indicate significant differences as determined by one-way ANOVA with Tukey’s post-test
(p < 0.001).
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3.3. Selected DFPM Derivatives May Interfere with Root Growth through the Same Signal
Transduction Pathway Controlled by DFPM

TNL-triggered immune signaling components, including EDS1, PAD4, SGT1b, RAR1,
and VICTR, are required for DFPM root growth arrest and the inhibition of ABA sig-
nal transduction. This study examined whether the selected DFPM derivatives cause a
DFPM-induced root growth response in an EDS1/PAD4-dependent signaling pathway.
The inhibitory effect on primary root growth was examined in several defense-signaling
mutants, including eds1-2, pad4-1, sgt1b, and victr1-1. Although the Col-0 accession con-
taining a functional VICTR allele was sensitive to the five DFPM derivatives, Ler and
victrl-1, with defects in the function of VICTR, exhibited increased primary root length
in response to the DFPM derivatives when compared to Col-0 (Figure 3). In addition to
the need for the functional VICTR in inhibiting root growth, the inhibition of root growth
by the selected DFPM derivatives was impaired in eds1-2, pad4-1, and sgt1b (Figure 3).
These results suggest that the selected DFPM derivatives might activate the same signaling
pathway required for DFPM to generate the compound-triggered root growth arrest.
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Figure 3. DFPM-derivative-induced signal transduction requires early components of the TNL-
triggered immune signaling. Ler and victr1-1 defective in the function of VICTR and pathogen
mutants, such as eds1-2, pad4-1, and sgt1b, produced no significant growth arrest in response to
the DFPM derivatives. All mutants were tested in the Col-0 background. Data represent mean
values + SD (n = 3, each with 12 seedlings). Different letters on top of the error bars indicate
significant differences as determined by one-way ANOVA with Tukey’s post-test (p < 0.001).

3.4. Selected DFPM Derivatives Cause Accession-Specific Root Growth Arrest in Col-0, Niel.2,
and Leol

DFPM generates an accession-specific root growth arrest in Col-0. This phenotypic
response relies on natural variation in the TNL receptor VICTR. A previous study showed
that only Col-0 accession displayed complete sensitivity in the DFPM-induced root growth
arrest among 50 other Arabidopsis accessions [29]. For this study, the DFPM-induced root
growth assay was performed for 14 more Arabidopsis accessions that specifically have
sequence similarities to the genome of the Col-0 accession (Figure S2). As a result, two other
Arabidopsis accessions, Niel.2 and Leol, that produced significant root growth inhibition
in response to DFPM were isolated (Figure 4A). The Niel.2 and Leol plants treated with
the selected DFPM derivatives exhibited impaired primary root growth similar to that
seen with DFPM treatment, suggesting potential natural genetic variations that cause
DFPM-derivative-induced root growth arrest in Niel.2 and Leol as in Col-0 (Figure 4B).
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Figure 4. Differential effects of the DFPM derivatives on primary root growth in Arabidopsis
accessions. (A) The DFPM-induced root growth arrest phenotype was examined for eleven other
Arabidopsis accessions. Seven-day-old Arabidopsis seedlings were treated with 10 uM of DFPM,
and their growth was monitored after four days. DFPM caused a root growth arrest in the Col-0
background and in the Niel.2 and Leol backgrounds in an accession-specific manner. (B) Niel.2 and
Leol plants were sensitive to the selected DFPM derivatives, producing significantly shorter primary
roots than the other accessions. Data represent mean values £ SD (n = 3, each with 12 seedlings).
Different letters on top of the error bars indicate significant differences as determined by one-way
ANOVA with Tukey’s post-test (p < 0.001).

3.5. Twelve Natural Variation Sites in the TNL Receptor VICTR Are Required for Triggering the
DFPM-Induced Root Growth Arrest

A previous study reported that amino acid sequence comparison deduced from the
VICTR cDNA sequences of Col-0, Bay-0, and Kin-0 identified multiple Col-0-specific amino
acid polymorphisms within the coding region of VICTR® [29]. The full-length VICTR
genomic DNA sequences from the eight Arabidopsis accessions were compared to define
which amino acids of VICTR® are critically involved in triggering the compound-induced
root growth arrest. VICTR genomic DNA fragments were amplified from eight Arabidopsis
accessions: Col-0, Leol, Niel.2, Bay-0, Kin-0, Blal, ICE111, and ICE 112. The deduced
amino acid sequences of the amplified DNA fragments from each Arabidopsis accession
were aligned using the Clustal Omega tool (Figure S2). Sequence analysis showed that
12 natural variations found in the VICTR® were also identified in other DFPM-sensitive
Arabidopsis accessions, Leol and Niel.2 (Figures 4 and 52). Among these variants, most
polymorphisms were located in the NB domain. Other sequence changes were found in
the LRR domain and linker region between the NB and LRR domains (Figure 5).
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Figure 5. Specific amino acid polymorphisms of VICTR are responsible for the DFPM-induced root
growth response. From the sequence analysis, 12 amino acid polymorphisms of VICTR, which are
unique to only DFPM-sensitive accessions, were identified. The specific residues of VICTR could be a
critical motif for generating the DFPM-induced root growth arrest response. Vertical lines indicate
sequence positions where the DFPM-sensitive accessions differ from DFPM-resistant accessions.

During our forward genetic screening, dfin (DFPM-insensitive to root growth) mutants
were isolated from the activation-tagged mutant population. From the initial screening of
6810 activation-tagged mutant plants, 19 dfin mutants that showed defects in the DFPM-
mediated root growth arrest were isolated (Figure S3A). A map-based cloning approach was
used to identify the dfin locus, and 12 dfin mutants were found near the VICTR locus (Figure
S3B). The corresponding dfin mutations were in the VICTR locus which was confirmed
by sequencing the coding region of VICTR. The dfin mutant contains either G-to-C or
T-to-A point mutations, leading to V1040L or N1042K substitutions in the LRR domain,
respectively, which are specific polymorphisms essential for the DFPM-mediated root
growth arrest (Figure S3C). Therefore, a critical residue of the VICTR gene that is a non-
conserved site in the R gene could be a critical motif for generating the DFPM-induced root
growth response.

4. Discussion

Many thioamide compounds are beneficial, especially with biological activities, such
as antimicrobial, anticancer, antituberculosis, and anthelmintic properties [32-36]. DFPM,
which belongs to the thioamide class, exhibits diverse activities, including inhibiting ABA
signaling and primary root meristem activity by activating plant immune signaling. Twenty-
two chemical compounds structurally similar to DFPM were synthesized by modifying the
phenyl and amide groups of DFPM. Five notable compounds with enhanced inhibitory
activity on the primary root growth were initially selected: DFPM-3, -5, -17, -18, and -24.
These compounds can be classified into two groups depending on their structural changes
resulting from a single-atom substitution. DFPM-17, -18, -24, and original DFPM belong to
thioamides in which a sulfur atom replaced the carbonyl oxygen. DFPM-3 and DFPM-5,
containing the carbonyl oxygen, may function as precursors of the DFPM-17 and original
DFPM, respectively. Root growth inhibition assays showed that the precursors, DFPM-3
and DFPM-5, had enhanced inhibitory effects on both primary and lateral root growth
compared to sulfur-containing thioamide compounds, DFPM-17 and DFPM (Figure 1). In
particular, DFPM-5, as a precursor of the original DFPM, exhibited the strongest inhibitory
effect on root growth among all DFPM derivatives. The structural difference between amide
and thioamide allows changes in many physicochemical properties, including hydrogen-
bonding propensity, conformational flexibility, and spectroscopic and electrochemical
properties that contribute to protein folding and stability [32,37]. These results suggest
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that subtle changes to amide interactions from the single-atom substitution may allow an
enhanced inhibitory effect on root growth.

DFPM negatively affects the ABA signaling pathway by activating TNL-mediated
immune signaling [29]. Similar to DFPM, the selected DFPM derivatives inhibited the
ABA induction of RAB18 expression, while the ABA induction of RB29B expression was
more strongly inhibited by the selected DFPM derivatives than by DFPM (Figure 2). Fur-
thermore, the selected compounds enhanced the pathogen-responsive gene expression,
suggesting that the selected DFPM derivatives negatively regulate ABA signal transduction
by activating the plant immune responses, as in the case of DFPM. Among the DFPM
derivatives, DFPM-5 produced the strongest inhibitory effect on both ABA signaling genes,
which is consistent with the result of root growth assays. In addition, DFPM-5 thioamides
appeared to be more effective in inhibiting the ABA-responsive genes and the activation of
pathogen-responsive genes.

The DFPM response producing a root growth arrest requires the TNL-mediated im-
mune signaling components, including EDS1, PAD4, SGT1b, RAR1, and VICTR. The selected
DFPM derivatives did not inhibit the root growth of Ler, victr1-1, and defense signaling
mutants, indicating that the selected DFPM derivatives require a functional VICTR allele
along with EDS1, PAD4, and SGT1B to trigger compound-induced root growth arrests.
Overall, the selected DFPM derivatives generate compound-induced root growth inhibi-
tion, possibly by activating the same signaling pathway that DFPM activates. EDS1 acts
as a central regulatory node in TNL-mediated plant immunity with its sequence-related
signaling partners, PAD4 and SAG101, which can function in separate pathways to generate
basal resistance and ETI [20-22]. Among the DFPM derivatives, DFPM-18 enhanced PR2
gene expression the most compared to other DFPM derivatives (Figure 2C). Furthermore,
DFPM-18 showed an enhanced root growth inhibitory effect in pad4-1 when compared to
the original DFPM (Figure 3). Hence, the DFPM-18 response can cause root growth arrest
through a plant immune signaling pathway partially independent of PAD4. In particular,
DFPM-5 inhibited root growth and ABA-induced gene expression the most strongly. This
inhibition was also observed, even in the background of mutations essential for DFPM
signaling, suggesting that DFPMb5-induced response may be generated by an independent
pathway different from the signal transduction pathway by DFPM. DFPM may trigger the
TNL-mediated signal transduction by acting as a pathogen-associated molecule [29]. This
hypothesis proposes that the only structural difference between DFPM-5 and the original
DFPM, the carbonyl oxygen, can be a critical site for improving the functional interaction
between compounds and a TNL receptor.

The plant NB-LRR genes have evolved to recognize pathogen effectors, leading to
the activation of plant defense response against various classes of pathogens. In many
cases, the central NB domain functions as a molecular switch activating downstream signal
transduction, while the LRR is responsible for effector recognition specificity and auto-
inhibition of NLRs [38-40]. Comparative sequence analyses of the VICTR region between
the eight Arabidopsis accessions revealed 12 natural variation sites in the TNL receptor
VICTR required for triggering DFPM-induced root growth arrest (Figure 5). Among these
variants, V1040L and N1042K substitutions within the LRR domain are consistently found
in the isolated new dfin mutants (Figure S3). These two polymorphisms are located at the
C-terminal end of the LRR domain, termed the C-terminal jelly roll/Ig-like domain (C-JID),
which is essential for effector recognition and TNL-mediated innate immunity [41,42]. The
deletion or mutation in the C-JID region of TNL genes, such as the Arabidopsis RPS4 gene
and the tobacco ROQ1 and N genes, failed to trigger a hypersensitive response [42,43]. The
C-JID core consists of approximately 130 amino acids, which form two (3-sheets and fold into
a f3-sandwich structure [41-43]. This 3-sandwich core and its loop regions are responsible
for pathogen effector recognition. For example, a loop region between (3-strands 7 and 8
of the RPP1C-]JID interacts with the pathogen effector ATR1 through hydrogen bonds and
hydrophobic interactions [43]. The two polymorphisms V1040 and N1042 identified in victr
mutant alleles are predicted to locate in a loop region connecting (3-strands within the C-JID
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of VICTR. Therefore, these single-nucleotide polymorphisms may also have a potential
role in the specific recognition of effectors in the DFPM-mediated signal transduction, such
as binding a ligand or other protein. Further research on the structures of the full-length
VICTR protein and multiple VICTR variants is necessary to understand the interaction
between the TNL protein VICTR and target effectors. Such structural information provides
insight into specific mechanisms of direct effector recognition via the C-JID and LRR
domains in the DFPM-mediated immune response.

5. Conclusions

This study reported that novel chemical compounds structurally similar to DFPM
effectively inhibit ABA signaling transduction by activating the effector-triggered immune
signaling pathway. In addition, the selected DFPM compounds induced a rapid root
growth arrest via the TNL receptor VICTR in an EDS1/PAD4/RAR1/SGT1B-dependent or
-independent manner. Finally, multiple unique amino acid polymorphisms were identified
in the VICTR locus required for the root growth arrest phenotype caused by DFPM or the
selected DFPM derivatives. The existence of a stronger version of DFPM due to chemical
modification suggests that specific functional residues may determine the nature of DFPM
activities. The isolation of novel compounds, such as DFPM-5, including a chemical
genetic screening for genes involved in the corresponding signaling pathway will provide a
stronger tool for unraveling the mechanisms of DFPM that induce the interaction of abiotic
and biotic stress signal transductions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife13091797/s1. Figure S1: Chemical structures of DFPM deriva-
tives; Figure S2: Sequence comparison of VICTR alleles from 8 different Arabidopsis accessions;
Figure S3: Isolation of new victr mutant alleles that reveal key residues for the DFPM-induced root
arrest; Table S1: The primers used in this experiment.

Author Contributions: Conceptualization, T.-H.K.; Formal analysis, S.K., M.C. and T.-H.K,; Inves-
tigation, S.K. and T.-H.K.; Writing—original draft, SK. and T.-H.K.; Writing—review & editing,
T.-H.K,; Funding acquisition, T.-H.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (2021R1F1A1058458) and by a grant from the Next-Generation
BioGreen 21 program (PJ015672) funded by the Rural Development Administration, Republic
of Korea.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All the obtained data from the research are presented in the manuscript
and supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lepri, A.; Longo, C.; Messore, A.; Kazmi, H.; Madia, V.N.; Di Santo, R.; Costi, R.; Vittorioso, P. Plants and Small Molecules: An
Up-and-Coming Synergy. Plants 2023, 12, 1729. [CrossRef] [PubMed]

2. Pasquer, Q.T.L.; Tsakoumagkos, I.A.; Hoogendoorn, S. From Phenotypic Hit to Chemical Probe: Chemical Biology Approaches to
Elucidate Small Molecule Action in Complex Biological Systems. Molecules 2020, 25, 5702. [CrossRef] [PubMed]

3.  Dejonghe, W.; Russinova, E. Plant Chemical Genetics: From Phenotype-Based Screens to Synthetic Biology. Plant Physiol. 2017,
174, 5-20. [CrossRef]

4. Xuan, W.; Murphy, E.; Beeckman, T.; Audenaert, D.; De Smet, I. Synthetic molecules: Helping to unravel plant signal transduction.
J. Chem. Biol. 2013, 6, 43-50. [CrossRef]

5. Hewage, K. A.H,; Yang, J.F; Wang, D.; Hao, G.F,; Yang, G.F.; Zhu, ].K. Chemical Manipulation of Abscisic Acid Signaling: A New
Approach to Abiotic and Biotic Stress Management in Agriculture. Adv. Sci. 2020, 7, 2001265. [CrossRef]

6. Hu, D.; Wei, L.; Liao, W. Brassinosteroids in Plants: Crosstalk with Small-Molecule Compounds. Biomolecules 2021, 11, 1800.

[CrossRef]


https://www.mdpi.com/article/10.3390/life13091797/s1
https://www.mdpi.com/article/10.3390/life13091797/s1
https://doi.org/10.3390/plants12081729
https://www.ncbi.nlm.nih.gov/pubmed/37111951
https://doi.org/10.3390/molecules25235702
https://www.ncbi.nlm.nih.gov/pubmed/33287212
https://doi.org/10.1104/pp.16.01805
https://doi.org/10.1007/s12154-013-0091-8
https://doi.org/10.1002/advs.202001265
https://doi.org/10.3390/biom11121800

Life 2023, 13, 1797 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chini, A.; Monte, I.; Fernandez-Barbero, G.; Boter, M.; Hicks, G.; Raikhel, N.; Solano, R. A small molecule antagonizes jasmonic
acid perception and auxin responses in vascular and nonvascular plants. Plant Physiol. 2021, 187, 1399-1413. [CrossRef] [PubMed]
Jiang, K.; Asami, T. Chemical regulators of plant hormones and their applications in basic research and agriculture. Biosci.
Biotechnol. Biochem. 2018, 82, 1265-1300. [CrossRef]

Chen, K,; Li, GJ.; Bressan, R.A.; Song, C.P; Zhu, ] K.; Zhao, Y. Abscisic acid dynamics, signaling, and functions in plants. J. Integr.
Plant Biol. 2020, 62, 25-54. [CrossRef]

Cutler, S.R.; Rodriguez, P.L.; Finkelstein, R.R.; Abrams, S.R. Abscisic acid: Emergence of a core signaling network. Annu. Rev.
Plant Biol. 2010, 61, 651-679. [CrossRef]

Ng, L.M.; Melcher, K,; Teh, B.T.; Xu, H.E. Abscisic acid perception and signaling: Structural mechanisms and applications. Acta
Pharmacol. Sin. 2014, 35, 567-584. [CrossRef] [PubMed]

Raghavendra, A.S.; Gonugunta, V.K.; Christmann, A.; Grill, E. ABA perception and signalling. Trends Plant Sci. 2010, 15, 395-401.
[CrossRef]

Kim, T.H.; Hauser, E; Ha, T.; Xue, S.; Bohmer, M.; Nishimura, N.; Munemasa, S.; Hubbard, K.; Peine, N.; Lee, B.H.; et al. Chemical
genetics reveals negative regulation of abscisic acid signaling by a plant immune response pathway. Curr. Biol. 2011, 21, 990-997.
[CrossRef] [PubMed]

Cui, H.; Tsuda, K,; Parker, ].E. Effector-triggered immunity: From pathogen perception to robust defense. Annu. Rev. Plant Biol.
2015, 66, 487-511. [CrossRef]

Wu, L.; Chen, H.; Curtis, C.; Fu, Z.Q. Go in for the kill: How plants deploy effector-triggered immunity to combat pathogens.
Virulence 2014, 5, 710-721. [CrossRef] [PubMed]

van Wersch, S.; Tian, L.; Hoy, R.; Li, X. Plant NLRs: The Whistleblowers of Plant Immunity. Plant Commun. 2020, 1, 100016.
[CrossRef] [PubMed]

Eitas, T.K,; Dangl, J].L. NB-LRR proteins: Pairs, pieces, perception, partners, and pathways. Curr. Opin. Plant Biol. 2010, 13,
472-477. [CrossRef]

Cesari, S. Multiple strategies for pathogen perception by plant immune receptors. New Phytol. 2018, 219, 17-24. [CrossRef]
Shao, Z.Q.; Xue, ].Y.; Wu, P; Zhang, YM.; Wu, Y;; Hang, Y.Y.; Wang, B.; Chen, J.Q. Large-Scale Analyses of Angiosperm Nucleotide-
Binding Site-Leucine-Rich Repeat Genes Reveal Three Anciently Diverged Classes with Distinct Evolutionary Patterns. Plant
Physiol. 2016, 170, 2095-2109. [CrossRef]

Jia, A.; Huang, S.; Ma, S.; Chang, X.; Han, Z.; Chai, J. TIR-catalyzed nucleotide signaling molecules in plant defense. Curr. Opin.
Plant Biol. 2023, 73, 102334. [CrossRef]

Essuman, K.; Milbrandt, J.; Dang], J.L.; Nishimura, M.T. Shared TIR enzymatic functions regulate cell death and immunity across
the tree of life. Science 2022, 377, eabo0001. [CrossRef] [PubMed]

Lapin, D.; Johanndrees, O.; Wu, Z.; Li, X.; Parker, ].E. Molecular innovations in plant TIR-based immunity signaling. Plant Cell
2022, 34, 1479-1496. [CrossRef] [PubMed]

Gao, Y.; Wang, W.; Zhang, T.; Gong, Z.; Zhao, H.; Han, G.Z. Out of Water: The Origin and Early Diversification of Plant R-Genes.
Plant Physiol. 2018, 177, 82-89. [CrossRef] [PubMed]

Barragan, A.C.; Weigel, D. Plant NLR diversity: The known unknowns of pan-NLRomes. Plant Cell 2021, 33, 814-831. [CrossRef]
[PubMed]

Meyers, B.C.; Kozik, A.; Griego, A.; Kuang, H.; Michelmore, R.W. Genome-wide analysis of NBS-LRR-encoding genes in
Arabidopsis. Plant Cell 2003, 15, 809-834. [CrossRef]

Van de Weyer, A.L.; Monteiro, E; Furzer, O.].; Nishimura, M.T; Cevik, V.; Witek, K.; Jones, ].D.G.; Dangl, J.L.; Weigel, D.; Bemm, F.
A Species-Wide Inventory of NLR Genes and Alleles in Arabidopsis thaliana. Cell 2019, 178, 1260-1272. [CrossRef]

Gu, L.; Si, W.; Zhao, L.; Yang, S.; Zhang, X. Dynamic evolution of NBS-LRR genes in bread wheat and its progenitors. Mol. Genet.
Genom. 2015, 290, 727-738. [CrossRef]

van Wersch, S.; Li, X. Stronger When Together: Clustering of Plant NLR Disease resistance Genes. Trends Plant Sci. 2019, 24,
688-699. [CrossRef]

Kim, T.H.; Kunz, H.H.; Bhattacharjee, S.; Hauser, E; Park, J.; Engineer, C.; Liu, A.; Ha, T.; Parker, ].E.; Gassmann, W.; et al. Natural
variation in small molecule-induced TIR-NB-LRR signaling induces root growth arrest via EDS1- and PAD4-complexed R protein
VICTR in Arabidopsis. Plant Cell 2012, 24, 5177-5192. [CrossRef]

Lee, H.J.; Lee, J.I. An Efficient Synthesis of N, N-Dialkyl-5-(chlorophenyl)-2-furancarbothioamides from 2-Furoic Acid. J. Korean
Chem. Soc. 2016, 60, 457-461. [CrossRef]

Larkin, M.A.; Blackshields, G.; Brown, N.P; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, LM.; Wilm, A;
Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947-2948. [CrossRef] [PubMed]

Mahanta, N.; Szantai-Kis, D.M.; Petersson, E.J.; Mitchell, D.A. Biosynthesis and Chemical Applications of Thioamides. ACS Chem.
Biol. 2019, 14, 142-163. [CrossRef] [PubMed]

Aulakh, ] K;; Lobana, T.S.; Sood, H.; Arora, D.S.; Kaur, R.; Singh, J.; Garcia-Santos, I.; Kaur, M.; Jasinski, J.P. Silver derivatives
of multi-donor heterocyclic thioamides as antimicrobial /anticancer agents: Unusual bio-activity against methicillin resistant
S. aureus, S. epidermidis, and E. faecalis and human bone cancer MG63 cell line. RSC Adv. 2019, 9, 15470-15487. [CrossRef]


https://doi.org/10.1093/plphys/kiab369
https://www.ncbi.nlm.nih.gov/pubmed/34618088
https://doi.org/10.1080/09168451.2018.1462693
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1146/annurev-arplant-042809-112122
https://doi.org/10.1038/aps.2014.5
https://www.ncbi.nlm.nih.gov/pubmed/24786231
https://doi.org/10.1016/j.tplants.2010.04.006
https://doi.org/10.1016/j.cub.2011.04.045
https://www.ncbi.nlm.nih.gov/pubmed/21620700
https://doi.org/10.1146/annurev-arplant-050213-040012
https://doi.org/10.4161/viru.29755
https://www.ncbi.nlm.nih.gov/pubmed/25513772
https://doi.org/10.1016/j.xplc.2019.100016
https://www.ncbi.nlm.nih.gov/pubmed/33404540
https://doi.org/10.1016/j.pbi.2010.04.007
https://doi.org/10.1111/nph.14877
https://doi.org/10.1104/pp.15.01487
https://doi.org/10.1016/j.pbi.2022.102334
https://doi.org/10.1126/science.abo0001
https://www.ncbi.nlm.nih.gov/pubmed/35857622
https://doi.org/10.1093/plcell/koac035
https://www.ncbi.nlm.nih.gov/pubmed/35143666
https://doi.org/10.1104/pp.18.00185
https://www.ncbi.nlm.nih.gov/pubmed/29563207
https://doi.org/10.1093/plcell/koaa002
https://www.ncbi.nlm.nih.gov/pubmed/33793812
https://doi.org/10.1105/tpc.009308
https://doi.org/10.1016/j.cell.2019.07.038
https://doi.org/10.1007/s00438-014-0948-8
https://doi.org/10.1016/j.tplants.2019.05.005
https://doi.org/10.1105/tpc.112.107235
https://doi.org/10.5012/jkcs.2016.60.6.457
https://doi.org/10.1093/bioinformatics/btm404
https://www.ncbi.nlm.nih.gov/pubmed/17846036
https://doi.org/10.1021/acschembio.8b01022
https://www.ncbi.nlm.nih.gov/pubmed/30698414
https://doi.org/10.1039/C9RA01804B

Life 2023, 13, 1797 12 0of 12

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Chen, X.; Mietlicki-Baase, E.G.; Barrett, TM.; McGrath, L.E.; Koch-Laskowski, K.; Ferrie, J.].; Hayes, M.R.; Petersson, E.J.
Thioamide Substitution Selectively Modulates Proteolysis and Receptor Activity of Therapeutic Peptide Hormones. . Am. Chem.
Soc. 2017, 139, 16688-16695. [CrossRef] [PubMed]

Mikhailovskii, A.G.; Yusov, A.S.; Makhmudov, R.R.; Starkova, A.V.; Rudakova, I.P. Synthesis and Analgesic, Anthelmintic, and
Insecticidal Activity of 3,3-Dialkyl-1-(2-Phenylamino-2-Thioxoethyl)-3,4-Dihydroisoquinolinium Chlorides. Pharm. Chem. ]. 2018,
52,716-720. [CrossRef]

Nishida, C.R.; Ortiz de Montellano, P.R. Bioactivation of antituberculosis thioamide and thiourea prodrugs by bacterial and
mammalian flavin monooxygenases. Chem. Biol. Interact. 2011, 192, 21-25. [CrossRef] [PubMed]

Khatri, B.; Raghunathan, S.; Chakraborti, S.; Rahisuddin, R.; Kumaran, S.; Tadala, R.; Wagh, P.; Priyakumar, U.D.; Chatterjee, J.
Desolvation of Peptide Bond by O to S Substitution Impacts Protein Stability. Angew. Chem. Int. Ed. Engl. 2021, 60, 24870-24874.
[CrossRef]

Dubey, N.; Singh, K. Role of NBS-LRR proteins in plant defense. In Molecular Aspects of Plant-Pathogen Interaction; Singh, A., Singh,
LK., Eds.; Springer: Singapore, 2018; pp. 115-138.

Chen, ]J.; Zhang, X.; Rathjen, J.P.; Dodds, PN. Direct recognition of pathogen effectors by plant NLR immune receptors and
downstream signalling. Essays Biochem. 2022, 66, 471-483. [CrossRef]

Maruta, N.; Burdett, H.; Lim, B.Y.J.; Hu, X.; Desa, S.; Manik, M.K.; Kobe, B. Structural basis of NLR activation and innate immune
signalling in plants. Immunogenetics 2022, 74, 5-26. [CrossRef]

Martin, R.; Qi, T.; Zhang, H.; Liu, F; King, M.; Toth, C.; Nogales, E.; Staskawicz, B.]. Structure of the activated ROQ1 resistosome
directly recognizing the pathogen effector XopQ. Science 2020, 370, 1185. [CrossRef]

Saucet, S.B.; Esmenjaud, D.; Van Ghelder, C. Integrity of the post-LRR domain is required for TIR-NB-LRR function. Mol.
Plant-Microbe Interact. 2021, 34, 286-296. [CrossRef] [PubMed]

Ma, S,; Lapin, D.; Liu, L.; Sun, Y,; Song, W.; Zhang, X.; Logemann, E.; Yu, D.; Wang, J.; Jirschitzka, J.; et al. Direct pathogen-induced
assembly of an NLR immune receptor complex to form a holoenzyme. Science 2020, 370, 1184. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jacs.7b08417
https://www.ncbi.nlm.nih.gov/pubmed/29130686
https://doi.org/10.1007/s11094-018-1887-1
https://doi.org/10.1016/j.cbi.2010.09.015
https://www.ncbi.nlm.nih.gov/pubmed/20863819
https://doi.org/10.1002/anie.202110978
https://doi.org/10.1042/EBC20210072
https://doi.org/10.1007/s00251-021-01242-5
https://doi.org/10.1126/science.abd9993
https://doi.org/10.1094/MPMI-06-20-0156-R
https://www.ncbi.nlm.nih.gov/pubmed/33197377
https://doi.org/10.1126/science.abe3069
https://www.ncbi.nlm.nih.gov/pubmed/33273071

	Introduction 
	Materials and Methods 
	Chemicals 
	Plant Materials and Root Growth Assay 
	Reporter Gene Expression Analysis 
	Quantitative Real-Time PCR 
	Comparative Sequence Analysis 
	Map-Based Cloning 

	Results 
	DFPM Derivatives Have Specific Effects on Root Growth 
	Selected Chemicals Affect Expression Patterns of the ABA-Responsive Genes and the Pathogen-Responsive Genes 
	Selected DFPM Derivatives May Interfere with Root Growth through the Same Signal Transduction Pathway Controlled by DFPM 
	Selected DFPM Derivatives Cause Accession-Specific Root Growth Arrest in Col-0, Nie1.2, and Leo1 
	Twelve Natural Variation Sites in the TNL Receptor VICTR Are Required for Triggering the DFPM-Induced Root Growth Arrest 

	Discussion 
	Conclusions 
	References

