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Abstract

Plant-derived smoke water enhances seedling growth across multiple species. However, the chemical basis of this
activity remains poorly defined due to the complex mixtures and trace-level bioactives. The contribution of smoke-
associated aromatic compounds to root responses under nutrient stress is particularly unclear. Here, we evaluated selected
aromatic compounds in rice (Oryza sativa L. cv. Nipponbare) under phosphorus-sufficient and phosphorus-deficient
conditions and performed structure-activity relationship (SAR) analyses across benzaldehyde and phenol derivatives. This
study identified salicylaldehyde (SAL) as a defined bioactive that mimics smoke water-induced root elongation under
phosphorus deficiency. SAR analysis indicated that low phosphorus-dependent root growth promotion may be associated
with specific functional group combinations and substitution positions rather than general aromatic or phenolic properties.
Antioxidant capacity did not correlate with root growth responses. Under salinity stress, SAL showed only modest root
growth promotion and did not improve shoot growth or photosynthetic pigment status, indicating that its activity is
strongly context dependent and does not confer enhanced performance under salinity stress. Together, these findings
suggest that smoke-derived aromatic aldehydes, including SAL, can contribute to root developmental responses under
nutrient-limiting conditions and provide a basis for further mechanistic investigation.
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Introduction acquisition, and root system plasticity is an important

Phosphorus (P) is an essential macronutrient
required for fundamental plant processes, including
energy metabolism, nucleic acid synthesis, and
membrane biogenesis [1]. P deficiency is a prevalent
and yield-limiting nutritional constraint in global
agriculture, affecting over 40% of cultivated soils
worldwide [2]; plant-available inorganic phosphate (Pi)
is often scarce, and applied P fertilizers are inefficiently
recovered by plants. Pi availability is further limited
because it is readily immobilized through adsorption to
soil particles and precipitation with cations, restricting
uptake [3]. In response, plants adjust root growth and
architecture to increase soil exploration and Pi

component of acclimation to Pi starvation [4].
Plant-derived smoke and its aqueous extract,
smoke water, have long been recognized to influence
plant development. This effect is observed across
diverse species and environmental conditions [5,6].
Smoke water comprises chemically heterogeneous
mixtures, including phenolics and aromatic derivatives
with reported biological activity in plants [7,8]. Its
composition depends on biomass type and combustion
conditions, and preparations can differ substantially in
chemical profiles and bioactivity [9,10]. This mixture
complexity complicates mechanistic dissection because
a given phenotype may reflect contributions from
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multiple constituents and their interactions rather than a
single compound.

A further challenge is that smoke-associated
bioactives can be highly potent and present at low
abundance, making them difficult to detect or quantify
using untargeted profiling of bulk smoke water.
Functional assays with defined small molecules
therefore provide a complementary route to pinpoint
bioactive chemistry and to establish tractable molecular
tools for mechanistic studies. In addition, structure-
activity relationship (SAR) analyses can link chemical
features (e.g., aldehyde, hydroxyl, and methoxy groups
and their positional arrangements) to biological
outcomes and help distinguish structure-dependent
activity from nonspecific chemical effects [11].

In our previous study, rice straw-derived smoke
water promoted rice root growth under both P-sufficient
and P-deficient conditions, with the strongest
stimulation observed under P deficiency [12,13].
Despite this clear bioactivity, the identity of the
molecule(s) responsible for the low P-enhanced root
elongation response remains unknown, limiting
progress toward a mechanistic understanding of smoke
water action on root development.

Here, we identified defined small molecules that
phenocopy smoke water—induced root elongation under
low P and characterized structural features associated
with this activity. We conducted a limited functional
comparison of candidate aromatics, followed by SAR
analyses of benzaldehyde and phenol derivatives, and
tested whether antioxidant capacity correlates with root
growth responses using a DPPH assay. Finally, to assess
whether root promotion extends beyond nutrient
limitation, we evaluated the selected aromatic molecule
candidates under salinity stress and quantified growth
and photosynthetic pigment responses as physiological
readouts.

Materials and methods

Smoke water and chemical treatments

Rice straw-derived smoke water was prepared as
previously described [13] and wused at a final
concentration of 1% (v/v). The total P content of the
smoke water stock was determined by ICP-OES (iCAP
PRO XP, Thermo Fisher Scientific, Waltham, MA,
USA) to be 0.039 mg/L; at a 1% (v/v) working
concentration, this corresponds to approximately 0.013

pM P - negligible relative to the HP condition (320 pM
Pi) and effectively equivalent to the LP condition (0 puM
Pi).

Aromatic compounds (= 98% purity) were
obtained from the following suppliers: TCI Chemicals
(Tokyo, Japan): o-anisaldehyde (Cat# A0478), p-anisic
acid (Cat# A0482), benzaldehyde (Cat# B2379),
catechol (Cat# PO317), 2,4-dihydroxybenzaldehyde
(Cat# D0564), 4-hydroxyacetophenone (Cat# H0193),
3-hydroxybenzaldehyde (Cat# H0197), 4-
hydroxybenzaldehyde (Cat# HO0198), salicylaldehyde
(Cat# S0004), and o-tolualdehyde (Cat# T0566); Sigma-
Aldrich (St. Louis, MO, USA): guaiacol (Cat# G5502),
hydroquinone (Cat# H17902) and resorcinol (Cat#
398047); and Thermo Fisher Scientific (Waltham, MA,
USA): phenol (Cat# P/2360/60) and toluene (Cat#
T/2300/17). All aromatic compounds contain no
phosphorus in their chemical structures and thus
contribute no P to the treatment medium. Stock
solutions were prepared in 80% ethanol and added into
nutrient solution to achieve the indicated final
concentrations. Mock controls received the same final

concentration of ethanol as compound treatments.

Selection of candidate aromatic compounds

Candidate compounds were selected from MS/MS
annotation of LC fractions of smoke water prioritized in
an independent bioassay (manuscript in preparation).
From the annotated compound list, we assembled an
initial set of commercially available aromatics that
could be obtained within the project timeline. Three
compounds, 4-hydroxyacetophenone, p-anisic acid, and
2-hydroxybenzaldehyde (salicylaldehyde; SAL), were
therefore selected and tested alongside 1% (v/v) smoke
water under HP and LP conditions.

Plant material and growth conditions

Seeds of Oryza sativa L. cv. Nipponbare were
surface sterilized in 2% (v/v) sodium hypochlorite for
30 min, rinsed thoroughly with distilled water.
Seedlings were pre-germinated for 2 d in darkness, then
transferred to half-strength Yoshida solution [14] for 2
d followed by full-strength solution for 4 d under
controlled light conditions. After removal of the seed
endosperm, seedlings were transferred to phosphorus-
sufficient (HP; 320 pM NaH,PO4) or phosphorus-
deficient (LP; phosphate-free, 0 uM NaH,PO,) Yoshida
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solution and treated with smoke water or aromatic
compounds for 8 d.

For salinity experiments, seedlings were exposed
to 75 mM NaCl in HP nutrient solution in the presence
or absence of SAL or catechol (25 or 50 uM) for 6 d.
Nutrient solutions were refreshed every 3 d. All
experiments were conducted in a controlled growth
room at 30 °C with a 12/12 h light/dark cycle; light
intensity was maintained at 700 pmol m2 s ! during
days 1 - 4 after pre-germination and increased to 1,000
pumol m~2 s7! after transfer to treatment conditions.

Structure-activity relationship analysis

For SAR analysis, SAL and 12 structurally related
aromatic derivatives were evaluated at 25, 50, and 100
pM. Compounds were selected to vary functional
groups and substitution patterns on the aromatic ring
(e.g., ortho, meta, and para). SAR experiments were
performed under both HP and LP conditions as
described above. Total root length was measured at

harvest, and representative images were acquired.

DPPH radical scavenging assay

Antioxidant capacity was assessed using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
assay [11], with minor modifications. Briefly, 200 uL of
0.15 mM DPPH solution (in 80% ethanol) was mixed
with 22 pL of each compound solution. After 30 min
incubation in darkness at room temperature, absorbance

was measured at 517 nm using a microplate reader.

Photosynthetic pigment analysis

Chlorophyll and carotenoid contents were
determined from leaf discs (3 mm diameter). Three discs
per biological replicate were extracted in 80% ethanol
for 48 h in darkness. Absorbance was measured at 470,
649, and 664 nm using a microplate reader, and
chlorophyll a, chlorophyll b, and total carotenoids were

calculated using published equations [15].

Statistical analysis
All data are presented as means + standard

deviation (SD). For the initial compound screening

experiment, data were analyzed using 2-way ANOVA.
For all other experiments, 1-way ANOVA was used. In
both cases, post-hoc comparisons were performed using
Tukey's HSD test (p < 0.05). All statistical analyses
were performed in R (version 4.4.1). The number of
biological replicates for each experiment is indicated in
the corresponding figure legends. Graphs were
generated using the R package ‘tidyplots’ [16] or
Microsoft Excel.

Results and discussion

Salicylaldehyde phenocopies smoke water-
induced root elongation under phosphorus
deficiency

To identify molecules that could reproduce the
root elongation-promoting activity of smoke water, we
tested 3 annotated aromatic candidates selected from
MS/MS-annotated smoke water fractions (4-
hydroxyacetophenone, p-anisic acid, and salicylalde-
hyde; 25 uM) under HP and LP conditions (Figure 1).
Among the tested compounds, only salicylaldehyde
(SAL) reproduced the phosphorus-conditional growth
pattern of smoke water - promoting root elongation
preferentially under LP - whereas, 4-hydroxyacetophe-
none and p-anisic acid did not promote root elongation
under either phosphorus condition (Figure 1). These
data identify SAL as a selective LP-dependent root
growth-promoting compound, leading to subsequent
structure-activity analyses.

SAL (2-hydroxybenzaldehyde) has been detected
among products generated during pyrolysis of
lignocellulosic biomass [17], consistent with its
potential formation during burning of plant material. Its
abundance in smoke-derived preparations is expected to
vary with biomass composition and processing
conditions, including temperature and oxygen
availability [18]. Benzaldehyde derivatives, including
SAL, have also been reported to influence early plant
development at low concentrations, with growth-
promoting effects on germination and seedling roots in
some species [19], supporting the broader view that
aromatic aldehydes can contribute to smoke-associated

bioactivity.
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Figure 1 Smoke water and salicylaldehyde promote root elongation under phosphorus deficiency. Rice seedlings grown

under phosphorus-sufficient (HP) or phosphorus-deficient (LP) conditions were treated with 1% (v/v) smoke water or

candidate aromatic compounds (25 uM; 4-hydroxyacetophenone, p-anisic acid, salicylaldehyde) and compared with

mock control. Root length is shown as means = SD (n > 4). Different letters indicate significant differences among all

pairwise treatment comparisons within each phosphorus condition (p < 0.05; 2-way ANOVA, followed by Tukey’s HSD

post-hoc test); uppercase and lowercase letters denote comparison within HP and LP conditions, respectively.

Structure-activity relationship analysis links

LP-specific root promotion to substitution-
dependent activity of aromatic aldehydes

To define structural features associated with LP-
dependent root elongation, we performed a structure-
activity relationship (SAR) analysis centered on SAL.

Because SAL contains both an aldehyde (—CHO) and a

hydroxyl (-OH) group, we compared paired analogs
designed to probe functional group contributions -
benzaldehyde versus SAL and phenol versus catechol -
across concentrations under HP and LP conditions
(Figure 2). We also summarized broader substitution-
dependent trends across additional derivatives under LP
(Table 1).
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Figure 2 Dose responses of benzaldehyde- and phenol-based structures under HP and LP. Rice seedlings were treated
with (a) benzaldehyde, (b) salicylaldehyde (SAL), (¢) phenol, or (d) catechol at 25 - 100 uM or mock control (solvent
only) for 8 d under HP (320 uM Pi) or LP (0 uM Pi). Representative root images are shown. Scale bar =2 cm. Data are

means = SD (n > 4). Different letters indicate significant differences among all pairwise concentrations within each

phosphorus condition (p < 0.05; 1-way ANOVA followed by Tukey’s HSD test); uppercase and lowercase letters denote

comparison within HP and LP conditions, respectively.

SAL robustly promoted root elongation under LP
across 25 - 100 uM, with the strongest response at 25
uM, while remaining inactive under HP (Figure 2(b);
Table 1). Benzaldehyde showed only modest stimula-
tion at lower concentrations and became inhibitory at
higher concentration (Figure 2(a); Table 1), indicating
that aldehyde-containing aromatics can support LP-
dependent activity, but that substitution strongly
modulates potency and dose sensitivity. In contrast,

phenol was largely inactive, and catechol tended to

inhibit root growth (Figures 2(c) and 2(d); Table 1),
indicating that hydroxyl substitution alone does not
explain the strong promotive activity of SAL. Across the
expanded compound set, aldehyde-containing deriva-
tives more frequently promoted root elongation under
LP than phenolic compounds, with clear dependence on
substituent identity and position (Table 1). Derivatives
bearing additional ring substituents adjacent to the
aldehyde - such as 2,4-dihydroxybenzaldehyde (ortho +
para —OH), which increased root length by ~50% at 100
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pM, and o-anisaldehyde (2-methoxybenzaldehyde;
ortho —OCH3), which increased root length by ~50% at

25 uM - support a strong positional effect within the

benzaldehyde series.

Table 1 Structure-activity relationship of benzaldehyde and phenol derivatives under LP.

. Substituents Antio'xi_dant Relative root length
Basic structures | No. Compounds activity

R, R, R, |(DPPHSC,, mglL) ™55 M | 50 M [ 100 um
1 | benzaldehyde - - - > 100 17.03 * 10.22 |-61.76 *
2 | salicylaldehyde OH - - >100 112.36 * | 80.22* | 20.33 *
3 | 3-hydroxybenzaldehyde - OH - >100 8.90 -10.05 | -20.10
4 | 4-hydroxybenzaldehyde - - OH >100 14.71 18.74* | 28.98
5 |2,4-dihydroxybenzaldehyde| OH - OH >100 13.52 17.03 | 46.98 *
6 |o-anisaldehyde OCH, - - >100 57.14* 6.96 |-32.69*
7 | o-tolualdehyde CH; - - >100 -10.76 | -44.30* | -35.76 *
8 | phenol - - - > 100 6.38 0.49 9.36
9 | catechol OH - - 14.44 -5.54 -7.76 | -17.17
10 | resorcinol - OH - > 100 31.01* 29.11 19.83
11 | hydroquinone - - OH 26.09 6.65 34.90* | -4.71
12 | guaiacol OCHj; - - 54.87 25.32* 7.91 23.42
13 |toluene CH; - - > 100 25.00* | 24.18* 3.30

Relative root length (%) under LP is expressed as percent change from the mock control at 25, 50, and 100 pM.

Antioxidant activity is reported as DPPH radical scavenging capacity (SCso, mg/L), where values > 100 mg/L indicate

low activity. Heatmap colors denote growth promotion (red) or inhibition (blue). Asterisks indicate significant differences
from the LP mock (p < 0.05; 1-way ANOVA followed by Tukey’s HSD test).

Phenolic compounds are well known for radical
scavenging activity [20], and altered cellular redox
status has been linked to root growth regulation [21]. We
therefore tested whether antioxidant capacity could
explain the LP-dependent root elongation responses by
quantifying DPPH radical scavenging activity for the
same compounds (Table 1). Antioxidant activity was
strongly structure dependent and generally higher
among phenolic derivatives, whereas all benzaldehyde
derivatives, including SAL, showed low activity (SCso >
100 mg/L). Antioxidant capacity did not correlate with
root growth promotion under LP. Compounds with
strong radical scavenging activity did not consistently
enhance root elongation, whereas SAL promoted robust
root growth despite negligible DPPH activity (Table 1).
These results suggest that antioxidant capacity alone is
unlikely to explain the root growth response to these
compounds and point to additional, structure-dependent
mechanisms operating under phosphorus deficiency. It
should be noted, however, that the DPPH assay reflects
only direct radical scavenging capacity in a cell-free

system and cannot exclude the possibility that SAL

modulates intracellular redox balance through indirect
mechanisms in vivo, such as through antioxidant
enzyme activity or redox signaling pathways [22].

The SAR results further indicate that LP-
dependent root elongation is structure specific, with
activity particularly associated with the combination and
positional arrangement of hydroxyl and aldehyde
groups, rather than a general response to aromatic or
phenolic compounds. SAL displayed the most
consistent promotion, whereas related aldehydes and
phenols showed weaker or dose-restricted effects
(Table 1). Several compounds exhibited biphasic dose
responses, with promotion at low concentrations and
inhibition at higher concentrations, a hormetic pattern
commonly observed for plant hormones and other
bioactive small molecules [23,24]. Consistent with this,
growth-promoting effects of SAL and 24,5-
trihydroxybenzaldehyde have been reported in Brassica
campestris at low concentrations [19], and syringalde-
hyde has been identified as a smoke-derived germina-
tion cue in tobacco [25]. Together, these studies support
the broader notion that aromatic aldehydes represent a

I 200

100

-100

I -200
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biologically active class within smoke-associated
compounds.

Salicylaldehyde enhances root growth under
NaCl stress with dose-dependent tradeoffs

Plant-derived smoke solutions have been reported
to improve seedling growth under salt stress, suggesting
that smoke-associated molecules might mitigate salt-
induced growth inhibition [26]. We therefore tested
whether SAL could promote root growth under salinity
and improve seedling performance. Rice seedlings were
exposed to 75 mM NaCl with or without SAL or
catechol (a phenolic comparator lacking the aldehyde
group), and growth and photosynthetic pigment contents
were quantified (Figure 3). Salt treatment reduced plant
height and root length relative to non-salt controls
(Figures 3(b) and 3(c)). SAL did not restore shoot
growth at either concentration tested (Figure 3(b));
however, 25 pM SAL produced a modest but significant
increase in primary root length compared with NaCl
alone, whereas 50 uM SAL did not enhance root length
(Figure 3(c)). Catechol did not improve growth under
salt stress at either concentration (Figures 3(b) and
3(c)). Regarding photosynthetic pigment status, NaCl
reduced chlorophyll b and carotenoids, and 25 uM SAL
further decreased chlorophyll a and b, whereas 50 pM
SAL resulted in pigment levels comparable to the salt-
stressed control (Figures 3(d) - 3(f)). Thus, while SAL

can promote root elongation under salinity at 25 pM,
this is not accompanied by improved pigment status;
instead, the dose-dependent pigment responses suggest
a tradeoff between root growth stimulation and
aboveground stress symptoms.

An increased root-to-shoot ratio is typically
advantageous under P deficiency because greater root
investment enhances soil exploration and P acquisition
[27]. Under salinity, however, a larger root system may
increase NaCl uptake and delivery to shoots, potentially
exacerbating ionic toxicity and accelerating damage to
photosynthetic tissues. Consistent with this tradeoff, rice
genotypes with more exploratory root systems have
been reported to exhibit greater salinity sensitivity
[28,29]. In this context, SAL-induced root elongation
under NaCl stress may not translate into improved
performance and differs qualitatively from its beneficial
effects under P deficiency. Moreover, although plant-
derived smoke solutions have been reported to alleviate
salt stress in other systems [26], neither SAL nor
catechol reproduced a clear mitigation phenotype here.
This discrepancy may reflect differences in species,
developmental stage, growth conditions, or dose, and it
also suggests that salt-stress alleviation by smoke
solutions may depend on other smoke-derived
compounds and/or mixture effects rather than SAL

alone.
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Figure 3 Salicylaldehyde promotes root elongation but does not alleviate salt-stress pigment responses. Rice seedlings
were treated with 75 mM NaCl with or without salicylaldehyde (SAL) or catechol (CAT) at 25 or 50 uM. Plant height
(b), root length (c), and pigment contents (d - f; chlorophyll a, chlorophyll b, carotenoids) were quantified. Scale bar = 2

cm. Data are means = SD (n > 5). Different letters indicate significant differences among all pairwise treatment
comparisons (p < 0.05; 1-way ANOVA followed by Tukey’s HSD test).

Study scope and limitations

Smoke water bioactivity may arise from low-
abundance constituents and mixture interactions
[5,6,10], and functional phenocopying alone cannot
establish which compounds are present or which
components account for mixture activity. Importantly,
SAL alone may not fully recapitulate smoke water
activity, reinforcing that additional smoke-derived
constituents may contribute. Accordingly, compounds
undetected in bulk, untargeted profiling may still be
functionally relevant because potent smoke signals can

occur at trace abundance and fall below detection limits.

For example, karrikins are highly bioactive yet occur at
trace levels that typically require targeted UHPLC—
MS/MS methods for reliable detection [30]. Confirming
occurrence and abundance will therefore require
targeted quantification using authentic standards and
spike-in validation.

The initial compound comparison used a single
concentration (25 pM) and a limited candidate set, such
that dose-dependent activity or additional active
chemistries could have been missed. The SAR analysis
was similary limited to 12 derivatives, and broader

analog coverage may reveal further structure-function
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relationships. Aromatic compound effects can also be
species- and context-dependent. For example, catechol
has been reported to promote root growth in tobacco [8]
but did not promote rice root elongation under our
experimental conditions. Whether SAL retains its root
growth-promoting activity under intermediate Pi
concentrations that more closely simulate field soil
conditions also remains an important question for future
investigation.

Together, these considerations emphasize that the
primary contribution of this study is the identification of
a defined smoke water-mimetic bioactive and its
structure-dependent activity profile, providing a
practical entry point for downstream mechanistic
dissection. Future studies should prioritize identifying
the molecular targets of SAL under LP conditions,
including potential interactions with the OsPHR2-
mediated Pi starvation signaling pathway [31]. All
findings reported here were obtained in Oryza sativa cv.
Nipponbare under defined hydroponic conditions, and
cross-species and cross-system validation will be
necessary to assess the generality of these responses.
Finally, SAL should be regarded as a mechanistic
research tool rather than an agrochemical candidate, as
soil-system validation, stability, and field-scale dose-

response relationships remain to be established.

Conclusions

Our findings indicate that a defined aromatic
compound, salicylaldehyde (SAL), can phenocopy the
root elongation-promoting effect of smoke water under
phosphorus-deficient conditions in rice. Structure-
activity relationship analyses suggest that this response
depends on specific combinations and positional
arrangements of functional groups rather than general
aromatic or antioxidant properties. Moreover, the
limited and context-dependent effects observed under
salinity stress indicate that SAL activity is closely
associated with phosphorus availability rather than
representing a broad stress-mitigation response.
Together, these results underscore the complexity of
smoke water bioactivity and emphasize the importance
of dissecting individual chemical components to better
understand their roles in root developmental regulation.
This work provides a foundation for future studies
aimed at elucidating the molecular mechanisms

underlying SAL-mediated signaling and assessing the

broader relevance of aromatic smoke-derived

compounds in plant adaptation to nutrient stress.
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