SCIENCE ADVANCES | RESEARCH ARTICLE

PLANT SCIENCES

Auxin-salicylic acid seesaw regulates the
age-dependent balance between plant growth and

herbivore defense

Wen-Hao Han't, Feng-Bin Zhang11', Shun-Xia Ji', Kai-Lu Liang‘, Jun-Xia Wang1, Xiao-Ping Fan?,

Shu-Sheng Liu', Xiao-Wei Wang*

According to the plant vigor hypothesis, younger, more vigorous plants tend to be more susceptible to herbivores
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compared to older, mature plants, yet the molecular mechanisms underlying this dynamic remain elusive. Here,
we uncover a hormonal cross-talk framework that orchestrates the age-related balance between plant growth
and herbivore defense. We demonstrate that the accumulation of salicylic acid (SA), synthesized by Nicotiana
benthamiana phenylalanine ammonia-lyase 6 (NbPAL6), dictates insect resistance in adult plants. NbPAL6 expres-
sion is driven by the key transcription factor, NboMYB42, which is regulated by two interacting auxin response
factors, NbARF18La/b. In juvenile plants, higher auxin levels activate NbmiR160c, a microRNA that simultaneously
silences NbARF18La/b, subsequently reducing NbMYB42 expression, lowering SA accumulation, and thus weaken-
ing herbivore defense. Excessive SA in juvenile plants enhances defense but antagonizes auxin signaling, impair-
ing early growth. Our findings suggest a seesaw-like model that balances growth and defense depending on the

plant’s developmental stage.

INTRODUCTION

Plants, being sessile organisms, must constantly navigate hostile en-
vironments to survive and reproduce, facing a wide range of abiotic
and biotic stresses. Over time, they have evolved sophisticated sys-
tems to detect, respond to, and defend against environmental chang-
es. However, these defenses come at a notable cost, often resulting in
trade-offs with growth and development (I, 2). Among the most
damaging threats to plants are herbivorous insects, which can attack
at any stage of plant development. While tissue-chewing insects
cause direct damage by consuming plant tissues, phloem-feeding in-
sects pierce the epidermis to delicately extract nutrient-rich phloem
sap using needle-like mouthparts. In response to such threats, plants
have evolved both inducible and constitutive defense mechanisms
(3, 4). Induced defenses are triggered in response to specific stimuli,
while constitutive defenses involve continuous accumulation of in-
secticidal components throughout the plant’s growth and develop-
ment (5, 6). Given that insect attacks are often sporadic, plants must
finely balance their investment in growth with the need for defense.
However, how this balance is maintained at the molecular level re-
mains poorly understood.

In the context of plant-herbivore interactions, the plant vigor
hypothesis (PVH) posits that herbivores preferentially target young,
vigorous plants over older, mature ones (7, 8). At the same time,
plants tend to develop increased resistance to biological stresses, such
as pathogens and herbivores, as they age—a phenomenon known as
age-related resistance (ARR) (9-13). These observations suggest
that plants may prioritize rapid growth early in life, tolerating
some degree of herbivore damage, before shifting their focus to de-
fense mechanisms later in development (14). However, the precise
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mechanisms underlying PVH and ARR in the context of herbivores
remain largely unexplored. Given the dual necessity for plants to
grow and defend themselves, a better understanding of how this bal-
ance is optimized holds significance to both ecological theory and
agricultural production.

Phytohormones play a pivotal role in regulating various aspects of
plant growth, development, and defense, often through intricate cross-
talk mechanisms (15, 16). Auxin, the first phytohormone found, along
with other phytohormones, orchestrates plant growth and develop-
ment while also modulating stress responses (16). Among stress-
related phytohormones, jasmonic acid (JA), salicylic acid (SA), abscisic
acid, and ethylene (ET) are key players, particularly in response to
herbivory, with JA being central to resistance against tissue-chewing
insects and SA being crucial for defense against phloem-feeding in-
sects (14, 15). The interaction between these phytohormones has
complex effects on plants against insects (15). For instance, the JA-SA
antagonistic relationship is a well-studied area, with each hormone
modulating plant responses to different herbivores. Moreover, other
phytohormones, including auxin, ET, abscisic acid, gibberellins, brassi-
nosteroids, and cytokinins are also involved in fine-tuning plant im-
munity by influencing JA and SA signaling pathways, especially in
response to pathogens and abiotic stresses (15). The intricate mecha-
nisms of phytohormonal interplay involve multiple layers of regula-
tion, including transcriptional control by transcription factors (TFs),
posttranscriptional regulation by small RNAs, and control of protein
activity (17-20). Despite these advances, it remains unclear how plants
integrate hormonal signals to balance growth and defense at different
developmental stages.

The whitefly, Bemisia tabaci (Gennadius), is a species complex,
several species of which are of agricultural importance worldwide
(21-24). A few species of this whitefly complex are highly polypha-
gous, exhibiting remarkable adaptability to different hosts (25, 26).
Being phloem-feeders, whiteflies use their piercing-sucking mouth-
parts delicately to extract nutrients, making juvenile, vigorous plants
particularly vulnerable to attacks and yield losses (25, 27, 28). Under-
standing the underlying mechanisms that govern plant growth-defense
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(G-D) balance could be key to developing sustainable whitefly con-
trol strategies.

Nicotiana benthamiana has become an important model organ-
ism in plant molecular biology and biotechnology, serving as a bio-
factory for vaccines and pharmacological compounds (29, 30). Our
previous studies have shown that N. benthamiana exhibits strong at-
traction to and lethal effects on several Hemiptera and Thysanoptera
insects, including whiteflies, winged aphids, and thrips, highlighting
its potential as a dead-end trap plant for field pest control (31-33).
However, we observed that the insecticidal efficacy of N. benthamiana
varied with the plant’s development stage. Upon further investiga-
tion, we found that beyond environmental influences, this age-related
defense capacity was closely tied to the developmental stage, suggest-
ing a complex regulatory mechanism involving ARR. These findings
underscore the utility of N. benthamiana as a system to study ARR
and provide a foundation for its application in pest management.

In this study, we demonstrate that auxin-SA cross-talk mediates
the balance between plant growth and herbivore defense at different
developmental stages. We reveal that the establishment of ARR in
N. benthamiana and several other Solanaceae species is closely tied
to SA levels. Using molecular biology and biochemical approaches,
we elucidate that the NbARF18La/b-NbMYB42-NbPALS6 signaling
module plays a critical role in the age-related regulation of SA ac-
cumulation. Furthermore, we find that the age-dependent auxin-
microRNA (miRNA) 160c module also contributes to this process.
Our findings provide previously unknown insights into PVH and
lay the theoretical groundwork for developing innovative pest con-
trol strategies against whiteflies.

RESULTS

Age-regulated resistance against phloem-feeding insects in
Solanaceae plants

To compare the defense levels of plants at different ages against
phloem-feeding insects, we conducted bioassays of B. tabaci white-
flies, Myzus persicae aphids, and Frankliniella occidentalis western
flower thrips on several Solanaceae species, including N. benthamiana,
Solanum lycopersicum (tomato), and Nicotiana tabacum (tobacco).
In N. benthamiana, both the survival rate and fecundity of whiteflies
were significantly lower on adult plants (35 days old, with eight to
nine true leaves) compared to juvenile plants (21 days old, with three
to four true leaves) (Fig. 1, A and B). Similarly, whiteflies performed
better on juvenile tobacco (21 days old, three to four true leaves) and
tomato (21 days old, three to four true leaves) plants compared to
adult plants (35 days old, six to seven true leaves for tobacco; eight to
nine true leaves for tomato) (Fig. 1, A and B). In addition, western
flower thrips showed higher survival rates, and aphids produced
more offspring on juvenile plants compared to adult plants (Fig. 1, C
and D). These results demonstrate ARR against phloem-feeding in-
sects in Solanaceae plants.

SA-dependent ARR against phloem-feeding insects

To explore the mechanism underlying ARR, we focused on
N. benthamiana, which exhibited the most pronounced age-dependent
insect resistance. We examined whether the defense phytohormones
SA and JA were involved in ARR by comparing the basal levels of SA
and JA in 21- and 35-day-old N. benthamiana plants. Meanwhile, to
clarify potential age-related trends in phytohormone content, we
expanded our analysis to include 28-day-old plants, representing an
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intermediate stage between the 21- and 35-day-old N. benthamiana
plants. We observed a clear age-dependent increase in SA levels,
with significantly higher levels in adult plants compared to juvenile
plants (Fig. 1E). In contrast, JA levels showed no significant changes
with age, and no differences were detected between juvenile and
adult plants (Fig. 1F). This trend was also observed in tobacco (Fig.
1, E and F). In addition, the expression of pathogenesis-related 1
(NbPR1), pathogenesis-related 5 (NDPR5), and enhanced disease
susceptibility 1 (NDEDS1), three downstream markers of SA signaling
(34-36), was significantly up-regulated with age, especially in adult
plants, indicating enhanced SA signaling (fig. S1A).

To further investigate the role of SA in ARR, we used N. benthamiana
transgenic plants expressing the NahG gene, which encodes salicylate
hydroxylase from Pseudomonas putida, an enzyme that depletes SA
accumulation (37). Unlike wild-type plants, NahG plants were unable
to accumulate sufficient SA as they aged (Fig. 1G), and the mRNA
levels of NbPR1, NbPR5, and NbEDS]1 were also significantly reduced
in 35-day-old plants (fig. S1B). Moreover, whitefly infestation failed to
induce SA accumulation in NahG plants (Fig. 1H). Bioassays revealed
that whiteflies performed better on both juvenile and adult NahG plants
compared to wild-type plants (Fig. 1I), indicating that both whitefly-
inducible and growth-accumulated SA are critical for plant defense
against whiteflies. Exogenous SA application further confirmed SA’ role
in ARR. Treatment with SA increased NbPRI, NbPR5, and NDEDS] ex-
pression and enhanced whitefly defense in 21-day-old wild-type plants
(Fig. 1] and fig. S1C), as well as in 35-day-old NahG plants (Fig. 1K).
These results collectively confirm that ARR in N. benthamiana against
whiteflies is SA dependent.

SA-mediated ARR depends on NbPAL6 expression

In plants, SA is synthesized via two distinct pathways: the phenyl-
alanine ammonia lyase (PAL) pathway and the isochorismate syn-
thase (ICS) pathway (Fig. 2A) (38). To assess whether gene expression
in these pathways changes with plant age, we performed reverse
transcription quantitative polymerase chain reaction (RT-qPCR).
The results showed no significant differences in the transcript levels
of NbICSI and NbICS2, or the two TFs, CaM-binding protein 60 g
(CBP60g) and systemic acquired resistance deficient 1 (SARDI),
which activate the ICS pathway (Fig. 2B). Similarly, components of
the ICS pathway such as enhanced disease susceptibility 5 (EDS5)
and AvrPphB susceptible 3 (PBS3) were down-regulated with plant
age, while enhanced pseudomonas susceptibility 1 (EPSI) remained
unchanged (Fig. 2B). Given these findings, we shifted our focus to
the PAL pathway.

A search of the N. benthamiana genome database (https://www.
nbenth.com/) identified nine PAL genes (NbPALI-NbPAL9), which
we classified into four phylogenetic branches, likely representing
alleles from the allotetraploid ancestry of N. benthamiana (fig.
S2 and table S1). From these, we selected four PAL genes (NDPAL4,
NbPAL6, NbPAL7, and NbPALY) from the four branches, respec-
tively, for further analysis. Expression profiling across developmental
stages revealed that only NbPAL6 showed increased transcription
with plant age, while the other genes remained unchanged (Fig. 2C).

To determine whether NDPALG is involved in SA-mediated ARR,
we used virus-induced gene silencing (VIGS) and Agrobacterium-
mediated overexpression to manipulate NbPAL6 expression in
N. benthamiana (30, 39). The timing of these treatments was care-
fully designed to align with plant age requirements (Fig. 2D).
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Fig. 1. Plant ARR against insects is regulated by SA. (A and B) Survival rate and fecundity of whiteflies on 21- and 35-day-old N. benthamiana, tobacco, and tomato plants.

(€) Survival rate of thrips on 21- and 35-day-old N. benthamiana, tobacco, and tomato p

lants. (D) Fecundity of aphids on N. benthamiana, tobacco, and tomato plants at 21- and

35-day ages. (E and F) SA and JA levels in N. benthamiana and tobacco at 21, 28, and 35 days of age. (G) Temporal dynamics of SA content in wild-type and NahG N. benthamiana
plants. (H) SA levels in 21-day-old wild-type and NahG N. benthamiana plants upon whitefly attack. () Survival rate and fecundity of whiteflies on 21- and 35-day-old wild-type and
NahG N. benthamiana plants. (J) Survival rate and fecundity of whiteflies on SA-treated (1 mM) 21-day-old wild-type N. benthamiana plants. (K) Survival rate and fecundity of white-
flies on SA-treated (1 mM) 35-day-old NahG N. benthamiana plants. Values are means + SE, n = 40 for [(A) to (D)] and [(l) to (K)], n = 6 for [(E) to (G)], and n = 8 for (H). Student’s t test
(two-tailed) was used for significant difference analysis in [(A) to (D)] and [(G) to (K)]. n.s., not significant. *P < 0.05, **P < 0.01. One-way analysis of variance (ANOVA) with Fisher’s
least significant difference (LSD) test was used in [(E) and (F)]. Different lowercase letters indicate significant differences (P < 0.05).

In the VIGS system, we injected the pTRV2 vector into 21-day-
old plants, which led to effective gene silencing within 14 days (Fig.
2D). This period of transcriptional inhibition coincides with the es-
tablishment of ARR, making VIGS an ideal system for studying
gene-related ARR (Fig. 2D). Compared to control plants (injected
with an empty vector), 35-day-old VIGS-treated plants showed a
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significant reduction in target gene transcript accumulation after reach-
ing 21 days of age. Subsequent validation experiments on the 35-day
VIGS-treated plants provide valuable insights into the role of target
genes in ARR establishment. Meanwhile, Agrobacterium-mediated
overexpression can be used to enhance the mRNA level of target
genes in both 21- and 35-day-old plants, enabling examination of
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Fig. 2. ARR depends on the expression of the SA synthetic gene NbPAL6. (A) SA synthesis pathways in plants. (B) Expression levels of genes in the ICS pathways in
21- and 35-day-old N. benthamiana plants. (C) Expression levels of NbPAL genes in 21- and 35-day-old N. benthamiana plants. (D) Experimental design of VIGS and gene
overexpression in N. benthamiana plants. In the VIGS system, the pTRV2 vector is injected into 21-day-old plants, activating the silencing vector to inhibit target gene
expression. Gene silencing typically became evident 14 days postinjection, aligning with the timeline for ARR establishment in N. benthamiana, making VIGS an effective
tool for studying ARR-related gene functions. In comparison to control plants (receiving only the empty vector), 35-day-old plants subjected to gene silencing show re-
duced accumulation of target gene transcripts after reaching 14 days. In addition, Agrobacterium-mediated gene overexpression enhances target gene mRNA levels in
both 21- and 35-day-old plants, allowing for gene function assessment across different developmental stages. (E) SA levels in NbPAL6-silenced 35-day-old N. benthamiana
plants. (F) Expression level of NbPR1 in NbPAL6-silenced 35-day-old N. benthamiana plants. (G) Survival rate and fecundity of whiteflies on NbPAL6-silenced 35-day-old
N. benthamiana plants. (H) Survival rate and fecundity of whiteflies on NbPAL6-overexpressed 21-day-old N. benthamiana plants. Values are means + SE, n = 12 for [(B) and
(Q); n =7 for (F); n = 6 for (E); n = 40 for [(G) and (H)]. Student’s t test (two-tailed) was used for significant difference analysis. n.s., not significant. *P < 0.05, **P < 0.01.
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gene function in plants of different ages (Fig. 2D). We injected
19-day-old plants with the pCAMBIA1305-green fluorescent pro-
tein (GFP) vector containing the target gene. Two days later, during
the vector’s active period, elevated target gene mRNA levels were
observed in the 21-day-old plant. By comparing overexpressed
plants with control plants (injected with an empty vector), we could
evaluate the effect of target genes on resistance in 21-day-old plants
(Fig. 2D). Similarly, this method can also verify the effect of target
gene overexpression in 35-day-old plants (Fig. 2D).

Our results showed that in VIGS-NbPAL6 plants, only the ex-
pression of NbPAL6 was significantly reduced, while the expression
of other NbPAL genes remained unaffected, demonstrating the speci-
ficity of NbPALG silencing in our VIGS system (fig. S3A). Further-
more, we found that 35-day-old VIGS-NbPAL6 plants could not
accumulate SA to the same levels as control (VIGS-EV) plants, nor
could they up-regulate NbPR1 expression (Fig. 2, E and F, and fig.
S3A). Moreover, these plants exhibited reduced resistance to white-
flies (Fig. 2G). Conversely, overexpression of NbPAL6 at 21 days of
age significantly increased the SA and NbPRI levels and improved
plant defense against whiteflies (Fig. 2H and fig. S3, B to D). These
findings indicate that the differential expression of NDPAL6 between
juvenile and adult stages regulates SA level and SA-mediated ARR
against whiteflies in N. benthamiana.

Age-regulated NbMYB42 activates NbPAL6 transcription

To identify the upstream TFs regulating NbPAL6 expression, we
screened the NbPAL6 promoter (NbPALG6pro) using a yeast one-
hybrid (Y1H) system with a cDNA library from N. benthamiana.
NbMYB42, a TF belonging to the R2R3-MYB family, was identified.
R2R3-MYB is known to regulate the phenylpropanoid metabolic
pathway (40-42). Yeast transformants containing the plasmids pAbAi-
NbPAL6pro and pGADT7-NbMYB42 were able to grow on synthetic
defined (SD)/—Leu medium with AbA (150 ng/ml) within 3 days,
while control transformants with pAbAi-NbPAL6pro and pGADT7
did not (Fig. 3A). This indicates that NbMYB42 can bind to the Nb-
PALG6 promoter. NbMYB42 was also found to localize in the nucleus
(Fig. 3B), suggesting its role as a nuclear TFE. To assess its role in activat-
ing NbPALG6 expression in vivo, we performed the p-glucuronidase
(GUS) staining assays. The results showed that NbPAL6pro::GUS coin-
filtrated with 35S::NbMYB42 exhibited significantly higher GUS stain-
ing levels compared to the empty vector control in N. benthamiana
leaves (Fig. 3C). Similarly, dual-luciferase reporter assays demonstrated
increased luciferase activity when NbPAL6pro::LUC was coexpressed
with 35S::NbMYB42 (Fig. 3D). These results confirmed that NbMYB42
activates NbPAL6 promoter expression.

Next, we explored whether NbMYB42 directly binds to spe-
cific sites within the NbPAL6pro. Using the Jaspar database (https://
jaspar.elixir.no/), we identified five potential MYB binding sites
(P1 to P5) (Fig. 3E). To validate binding in vivo, we conducted
chromatin immunoprecipitation (ChIP)-qPCR using plants over-
expressing NbMYB42 with GFP tag. We designed primers specific
to the five binding sites to assess their interaction with NbMYB42
(table S2). The experiments were carried out using an anti-GFP
antibody. Binding activity was observed at P1, P3, P4, and P5, but
not P2, in the immunoprecipitated chromatin, indicating a sig-
nificant accumulation of NbMYB42-GFP at these sites compared
to the GFP control (Fig. 3F). Furthermore, electrophoretic mo-
bility shift assay (EMSA) with recombinant NbMYB42-glutathione
S-transferase (GST), purified from Escherichia coli, confirmed the
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binding activity in vitro. The MYB element site P3, which showed
the strongest binding ability in the ChIP-qPCR test, was selected
to prepare the biotin-labeled probe according to its sequence (table
S2). We observed that the NbMYB42-GST protein was able to
bind directly to the P3 probe, while the mutated probe eliminated
NbMYB42-GST binding (Fig. 3G). In addition, an unlabeled P3
probe was prepared as the cold competitors. With the increase of
competitor probes (10, 20, and 50 X), the shifted band correspond-
ing to the P3 probe and the NbMYB42 complex gradually disap-
peared (Fig. 3G), suggesting that the binding capacity was greatly
reduced by the addition of unlabeled cold competition probe. These
results collectively show that NbMYB42 specifically binds to the
MYB cis element on the NbPAL6 promoter.

We then studied whether NbMYBA42 influences ARR against white-
flies by regulating NbPAL6-mediated SA accumulation. Overexpressing
NbMYB42 in 21-day-old N. benthamiana plants increased NbPALG6 ex-
pression more than 150-fold compared to control plants (Fig. 3H and
fig. S3E). The SA levels and SA-downstream NbPRI were also signifi-
cantly up-regulated (fig. S3, F and G). This overexpression enhanced
whitefly resistance in 21-day-old plants (Fig. 3I). Conversely, silencing
NbMYB42 in 35-day-old plants suppressed NbPAL6 expression (Fig.
3J and fig. S3H), resulting in reduced SA and NbPRI levels (Fig. 3, K
and L). Notably, the NbMYB42-silenced 35-day-old N. benthamiana
plant showed significantly reduced whitefly defense compared to the
control (Fig. 3M). These results indicate that NbMYB42 plays a crucial
role in ARR in N. benthamiana by regulating NDPAL6 expression and
SA accumulation.

Two NbARFs activate the expression of NboMYB42

We observed that NbMYB42 expression was significantly higher in
35-day-old plants compared to 21-day-old plants (Fig. 4A), prompt-
ing further investigation into how NbMYB42 expression is regulated
during N. benthamiana development. Using a Y1H assay, we screened
for TFs that regulate NbMYB42 expression and identified two auxin
response factors (ARFs) with distinct evolutionary relationships,
which we named NbARF18La and NbARF18Lb (fig. S4A). Yeast
strains harboring the pAbAi-NbMYB42proand pGADT7-NbARF18-
La or pGADT7-NbARF18Lb constructs were able to grow on SD/—
Leu medium supplemented with AbA (150 ng/ml), whereas yeast
strains containing pAbAi-NbMYB42pro and a control pGADT7
plasmid could not (Fig. 4B), suggesting that both NbARF18La and
NbARF18LD bind to the NbMYB42 promoter.

Phylogenetic analysis showed that NbARF18La and NbARF18Lb
are closely related to ARF16 from Arabidopsis thaliana (fig. S4A).
Amino acid sequence analysis revealed conserved B3-type DNA-
binding domains in the N termini of both NbARF18La and NbARF-
18Lb and dimerization domains in their C termini (fig. S4B) (43-46).
Subcellular localization analysis confirmed that both NbARFs are
localized in the nucleus (Fig. 4C), indicating their function as nucle-
ar TFs. To verify the activation of NbMYB42 by these NbARFs, we
conducted GUS staining and dual-luciferase reporter assays. Coex-
pression of 35S::NbARF18La and 35S::NbARF18Lb with the reporter
NbMYB42pro::GUS in N. benthamiana leaves significantly increased
GUS expression (Fig. 4D), and dual-luciferase reporter assay showed
asignificant up-regulation in LUC/REN ratio when 35S::NbARF18La
and 35S::NbARF18Lb were coexpressed with the NbMYB42pro::LUC
reporter (Fig. 4E). These results collectively demonstrate that NbA-
RF18La and NbARFI18LD activate NbMYB42 expression.
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Fig. 3. NbMYB42 directly activates NbPAL6 transcription via promoter binding. (A) Y1H assay showing NoMYB42 interaction with NbPAL6 promoter. pAbAi-NbPAL6pro
and pGADT7-NbMYB42 cotransformed yeast grew on SD/-Leu medium with or without AbA (150 ng/ml). Empty pGADT7 served as control. (B) NoMYB42-GFP nuclear
localization in N. benthamiana H2B-RFP line (control: 355::GFP). Scale bar, 20 pm. (C and D) Validation of NoMYB42 and NbPAL6pro interaction via GUS staining (C) and
dual-luciferase assays (D). Diagrams show reporter/effector constructs (35S: promoter; EGFP/GUS/LUC/REN: reporters). REN activity normalized LUC signals. (E) NbPAL6
promoter regions (P1 to P5) predicted as NbMYB42-binding sites. (F) ChIP-gPCR confirmed NbMYB42-GFP enrichment at NbPAL6 promoter (anti-GFP antibody). Primers
targeted regions in (E). (G) EMSA showing NbMYB42-GST binding to biotin-labeled NbPAL6 promoter probe. Labeled probes were incubated with and without GST protein
as negative controls, and 10-, 20-, and 50-fold excess unlabeled probes were used as cold competitors. Biotin-mProbe was the labeled probe containing mutations in the
P3 element of the NbPAL6 promoter. (H) Expression level of NbPAL6 in NbMYB42-overexpressed 21-day-old N. benthamiana plants. (1) Survival rate and fecundity of white-
flies on NbMYB42-overexpressed 21-day-old N. benthamiana plants. (J) Expression level of NbPAL6 in NbMYB42-silenced 35-day-old N. benthamiana plants. (K) SA levels in
NbMYB42-silenced 35-day-old N. benthamiana plants. (L) Expression level of NbPR1 in NbMYB42-silenced 35-day-old N. benthamiana plants. (M) Survival rate and fecun-
dity of whiteflies on NbMYB42-silenced 35-day-old N. benthamiana plants. Values are means + SE, n = 4 for [(D) and (F)]; n = 5 for (H); n = 40 for [(I) and (M)]; n = 12 for (J);
n = 3 for (K); n = 6 for (L). Student’s t test (two-tailed) was used for significant difference analysis. n.s., not significant. *P < 0.05, **P < 0.01.
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Fig. 4. NbARF18La and NbARF18Lb activate NbMYB42 expression. (A) Expression levels of NboMYB42 in 21- and 35-day-old N. benthamiana plants. (B) Y1H assay show-
ing NbARF18La/b interaction with NbMYB42 promoter. Empty pGADT7 served as control. (C) NbARF18La/b-GFP nuclear localization in N. benthamiana H2B-RFP line
(control: 35S::GFP). Scale bar, 20 pm. (D and E) Validation of NbARF18La/b and NbMYB42pro interaction via GUS staining (D) and dual-luciferase assays (E). Diagrams show
reporter/effector constructs (35S: promoter; EGFP/GUS/LUC/REN: reporters). REN activity normalized LUC signals. (F) Top, NbMYB42 promoter regions (P1 to P3) predicted
as NbARF-binding sites. Bottom, ChIP-qPCR confirmed NbARF18La/b-GFP enrichment at NbMYB42 promoter (anti-GFP antibody). (G and H) EMSA showing NbARF18La-
His-SUMO and NbARF18Lb-MBP binding to biotin-labeled NbMYB42 promoter probe.10-, 20- and 50-fold excess unlabeled probes were used as cold competitor probes.
(land K) Expression levels of NbMYB42 and NbPAL6 in NbARF18La/b-overexpressed [21-day-old, (I)] and silenced [35-day-old, (K)] N. benthamiana plants. (J and M) Survival rate and
fecundity of whiteflies on NbMYB18a/b-overexpressed [21-day-old, (J)] and silenced [35-day-old, (M)] N. benthamiana plants. (L) SA levels in NbARF18La/b-silenced 35-day-old
N. benthamiana plants. (N) LUC activity driven by the NbPAL6 promoter with different effectors. (0) Expression levels of NbARF18La/b in 21- and 35-day-old N. benthamiana plants.
Values are means + SE, n = 9 for (A); n = 4 for (E); n = 3 for [(F), (L), and (N)]; n = 10 for [(I) and (K)]; n = 40 for [(J) and (M)]; n = 12 for (O). Student’s t test (two-tailed) was used for
significant difference analysis in [(A), (E), (F), (I) to (M), and (O)]. n.s., not significant. *P < 0.05, **P < 0.01. One-way ANOVA with Fisher’s LSD test was used 