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ARTICLE INFO ABSTRACT

Keywords: Enhancing crop drought resilience is essential for sustainable agriculture in a changing climate. Among potential
Drought resilience strategies, hydrochar (HC), a carbon-rich product of hydrothermal carbonization, represents a promising soil
Hydrochar

amendment. We hypothesized that HC enhances drought tolerance in Helianthus annuus L. through coordinated
soil-plant-gene interactions that modulate water retention, plant hydraulics, and drought-responsive gene
networks. Using a multiscale approach combining soil physicochemical analyses, plant physiology, and tran-
scriptomics, we assessed the effects of garden waste-derived HC on H. annuus under well-watered and water-
limited conditions. HC application improved soil water retention without altering key chemical parameters
and enhanced plant hydraulics. Across irrigation regimes, HC-treated plants showed greater biomass accumu-
lation and photosynthetic capacity. During drought, HC mitigated stress by maintaining leaf water potential and
membrane integrity, and by promoting a more negative turgor loss point via osmotic adjustment and increased
cell wall stiffness. Transcriptomic analysis revealed that HC modulated drought-responsive genes, including
transcription factors (e.g., WRKY51, bZIP11) and genes involved in osmotic regulation, antioxidant defense, and
hormonal signaling. The distinct molecular signature in HC-treated plants under drought suggests a priming
effect that sustains physiological function under stress. This study provides novel evidence linking HC-induced
soil enhancement to molecular drought responses in crops, highlighting HC’s potential as a circular input for
improving adaptation and productivity in climate-resilient agroecosystems.
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1. Introduction than annual means, while precipitation is expected to decline, especially

in vulnerable regions such as southern Europe and the Mediterranean

Climate change is accelerating vegetation decline and widespread
plant mortality across natural ecosystems, with serious consequences for
biodiversity and ecosystem functioning (Allen et al., 2015; Hammond
et al., 2022). These impacts extend to managed landscapes, where
agricultural systems face increasing exposure to more frequent and se-
vere drought events, resulting in substantial yield losses in major crops
(lizumi et al., 2014; Lesk et al., 2022; Zhu et al., 2022). As global food
demand continues to rise amid growing climatic instability, improving
crop performance under water-limited conditions has become an urgent
global priority (Molotoks et al., 2021; Kompas et al., 2024).

Projections indicate that growing season temperatures will rise faster
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basin (IPCC, 2022). These trends pose a major threat to plant physio-
logical function and the stability of agroecosystems. Addressing this
challenge requires integrated strategies that link plant physiology, mo-
lecular biology, and soil science within the framework of sustainable
resource use.

Promising strategies to enhance drought resilience include soil
amendments that improve water dynamics in the rhizosphere. Circular
economy approaches, in this context, provide innovative pathways by
converting organic waste into agronomically beneficial products. One
such product is hydrochar (HC), a carbon-rich material obtained
through hydrothermal carbonization (HTC), a thermochemical process
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that converts wet biomass into a stable, energy-dense solid (Reza et al.,
2014). While initially developed for energy applications, HC is now
gaining attention as a sustainable soil amendment due to its ability to
improve water retention, nutrient availability, and microbial activity
(Battipaglia et al., 2023; Kravchenko et al., 2024; Dong et al., 2025; Di
Santo et al., 2025). Compared to traditional amendments such as
compost or biochar, HC presents unique properties: a chemically uni-
form composition, rapid nutrient release, and the potential to stimulate
biological activity, though with lower long-term stability (Kamb and
Dutta, 2015; Yan et al., 2024). Its slightly acidic pH also makes it suit-
able for alkaline soils, where other amendments may be less effective (de
Jager and Gianim, 2021).

Emerging evidence suggests that HC may influence plant regulatory
pathways associated with stress response and nutrients release
(Bargmann et al., 2014; Bento et al., 2019; Battipaglia et al., 2023;
Suarez et al., 2025). However, the underlying mechanisms remain
poorly understood, partly due to the variability in HC properties
depending on feedstock type and processing conditions. Notably, HC
derived from lignocellulosic green waste tends to exhibit enhanced
nutrient content, lower contaminant levels, and greater agronomic po-
tential compared to sludge-based materials (Taskin et al., 2019; Carra-
sco et al., 2022).

In this study, we adopt a multiscale, multidisciplinary approach to
investigate the role of HC in modulating plant responses to water
availability. Using Helianthus annuus L., an agronomically important
species, we integrated soil physicochemical analyses, plant physiolog-
ical measurements, and transcriptomic profiling (RNA-seq) under both
well-watered and mild drought conditions.

By linking functional plant traits with gene expression and the
chemical properties of soil, our study aims to provide mechanistic in-
sights into how HC shapes plant performance under stress. This inte-
grative framework advances our understanding of HC as a bio-based
amendment and informs the development of next-generation strategies
for climate-resilient agriculture.

2. Materials and methods

Experiments were conducted during the spring and summer of 2024.
Sunflower seeds (Helianthus annuus L. Girasole Nano Big Smile, P.d.F.
Sementi, Italy) were sown in greenhouse trays. Once the cotyledons had
fully expanded (about 7 days after emergence of radicle), seedlings were
transplanted into 2.5 L pots containing either commercial potting sub-
strate (C samples) or the same substrate mixed with hydrochar (HC
samples). The growth medium used in this study was a nutrient-rich
substrate specifically formulated for vegetable growth, eliminating the
need for additional fertilization (Comodo, Tercomposti S.P.A., Italy).
Hydrochar, derived from the hydrothermal carbonization (HTC) of
garden waste, was incorporated into the soil at a concentration of 22 g
Kg~!. This concentration was selected based on the findings of Batti-
paglia et al. (2023). The used hydrochar was obtained by setting the
reactor at 230 °C for 4 h at a pressure of 5.0 MPa (for details, see Sup-
plementary material).

Once the plants displayed fully expanded leaves (approximately 3
weeks old), C and HC plants follows:

— Control samples (Cw) and hydrochar-treated samples (HCw), to be
regularly irrigated at field capacity during the experimental period.

— Control samples (Cp) and hydrochar-treated samples (HCp) to be
subjected to mild drought by suspending irrigation until the soil
water potential (Wsi)) reached approximately —0.5 MPa, followed by
irrigation to 100 % of field capacity and subjected to the same
drought intensity once again (Supplementary Figure 1). The
drought/re-irrigation =~ treatment lasted for one month
(Supplementary Figure 1).

All plants (Cw, HCw, Cp, HCp) were grown in a greenhouse at the
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Department CHIBIOFARAM of the University of Messina, equipped with
lamps providing photosynthetically active radiation (PAR) of 450 + 30
pmol m2 s71. Pots (n=15 per treatment) were arranged in a
completely randomized design in the greenhouse. Pots were weighed
daily, and irrigation was applied based on their weight. The reference
weight at 100 % corresponded to field capacity, determined after soil
saturation and free drainage. Well-watered pots were kept between
100 % and ~90 % of this weight. In drought treatments, irrigation was
suspended until soil water potential (W) reached —0.5MPa, corre-
sponding to ~75% of field capacity in control soils and ~65% in
hydrochar-amended soils. These soil water potentials led sunflower
plants to reach the turgor loss point (see Results). Thresholds were
derived from the soil water retention curve (Fig. 1) and validated in
measurements using a dewpoint hygrometer (WP4, Decagon Devices
Inc., USA) readings on three sacrificed pots per treatment.

2.1. Evaluating physical-chemical traits of hydrochar

In order to obtain a detailed and comprehensive characterization of
hydrochar, the following chemical and physical analyses were
performed:

2.1.1. Fourier transfor infrared spectroscopy

Fourier infrared spectra were acquired using a Fourier-Transform
Infrared (FTIR) Spectrum Two FTIR Spectrometer 100 (PerkinElmer
Inc.), which was equipped with a universal ATR sampling accessory. The
spectra were recorded at room temperature within the range from 4000
to 500 cm ™, with a scan speed of 0.2 cm/s, a resolution of 4.0 em™ L,
performing the analysis at room temperature and an accumulation scan

of 50. The samples were analysed without any preliminary treatment.

2.1.2. CHNS-O elemental analysis

Elemental analysis of the sample was conducted using the EMA 502
Micro Elemental Analyzer CHNS-O (VELP® Scientifica). Before the
analysis, hydrochar was dried overnight in an oven at 90°C to remove
any residual moisture. The results were computed using the EMASoftTM
software.

2.1.3. Raman spectroscopy analysis

Raman spectroscopy was carried out directly on the sample using a
Horiba Labram HR800 confocal spectrometer (Horiba Jobin Yvon),
equipped with a diode-pumped solid-state (DPSS) laser operating at an
excitation wavelength of Aey = 638 nm.

2.1.4. UV-Vis spectroscopy analysis

Optical properties (UV-vis absorption) of hydrochar were studied
using a spectrophotometer Evolution 500, Thermo Nicolet model
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with glass
cuvettes (1 cm path length). All the recorded data were generated using
OriginPro2019 software.

2.1.5. Scanning electron microscopy (SEM)
The morphology of hydrochar sample was investigated by using a
Zeiss 1540XB FE SEM (Zeiss, Germany) instrument operating at 10 kV.

2.1.6. X-ray diffraction (XRD) analysis

The crystalline structure of the synthesized carbon material was
examined through XRD analysis, performed using a Bruker D8 Advance
A25 diffractometer. The instrument operated at 40 kV, scanning over a
20 range of 10-80° with a step size of 0.02° s™! , employing CuKo+ ra-
diation as the X-ray source.

2.1.7. Thermogravimetric analysis (TGA)

The thermal stability under an inert atmosphere was evaluated by
TGA using a PerkinElmer TGA 4000, over a temperature range from
50 °C to 500 °C.
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Fig. 1. A) and B) SEM images of hydrochar obtained from the hydrothermal process of garden waste; C) Moisture release curves, obtained by plotting the soil water
potential (¥y;) versus water content, as measured for samples of soil without hydrochar (C, green light circles) or soil with hydrochar (HC, dark green triangles).
Available water content (AWC) was calculated from the regression line as the difference between field capacity and the permanent wilting point (-1.5 MPa, dotted
line). D) Time of dehydration (Time) of two samples of soil (C, light green circles) and soil with hydrochar (HC, dark green triangles). The dotted line indicates the

standard permanent wilting point of —1.5 MPa.

2.2. Water retention and chemical-physical properties of growing medium

To assess the impact of hydrochar addition on the chemical and
physical properties of the soil, including its water retention capacity,
several key parameters were measured.

Following USDA guidelines (2004), soil pH and electrical conduc-
tivity (EC) were determined using a calibrated electrode system (Hanna
Instruments Mod. HI1230 and COND 51 +, respectively). Measurements
were performed on aqueous suspensions of dry soil at soil-to-water ratios
of 1:2.5 for pH and 1:2 for EC. The cation exchange capacity (CEC) was
evaluated after soil treatment with a barium chloride and triethanol-
amine solution at pH 8.2 (USDA, 2004). Total organic carbon (Corg)
content was determined using the Springer and Klee (1954) method,
which involves oxidation in an acidic medium (H2SO4) with potassium
dichromate (0.33 M KzCr207) under controlled heating (160°C for
10 min) to ensure complete recovery of organic carbon (Sleutel et al.,
2007). These measurements were performed at the end of the experi-
mental period on samples of the growing medium from pots containing
Cw, HCw, Cp, and HCp plants, as well as on soil samples from pots in
which no plants were grown, collected before starting experiments.

To evaluate the water retention properties of the two growing me-
dium used to grow Helianthus annuus L., commercial potting substrate
alone (C) and the same substrate mixed with 6 Kg m~2 of hydrochar
(HQC), the relationship between soil water content (WC) and water po-
tential (¥) during progressive dehydration was assessed (Raimondo
et al., 2015). Specifically, substrate samples were saturated with water
and, after draining the excess, small portions (a few grams) were placed
in sample holders. Water potential was measured at different

dehydration times using a dewpoint hygrometer (WP4, Decagon Devices
Inc., USA). Immediately after each measurement, samples were weighed
to determine their fresh weight (FW). Experiments were stopped at ¥
< —5 MPa, and samples were oven-dried at 70 °C for 24 h to obtain dry
weight (DW). Water content (WC) was calculated as (FW — DW) /DW.
The gravimetric available water content (AWC) values were calculated
as the difference between the water content at saturation after free
drainage (effectively corresponding to field capacity) and the water
content of soil at the standard permanent wilting point of —1.5 MPa
(Nardini et al., 2021).

2.3. Biomass and morpho-anatomical traits

The number of leaves and plant height were recorded weekly in five
plants per treatment. At the end of the experimental period, these plants
were used to measure biomass and morpho-anatomical traits. The total
leaf surface area (A;) was measured by capturing leaf images with a
scanner (HP Scanjet G4050, USA) and using ImageJ software (http://i
magej.nih.gov/ij/). Leaf mass per area (LMA) was estimated as DW/Ar
and was calculated using the average LMA of three randomly collected
leaves from each of the five plants per treatment. Additionally, plants
were separated into roots (after gently rinsing to remove soil), stems,
leaves, and buds/flowers, and the fresh mass of each organ was recor-
ded. Stem diameter was measured using a digital caliper. The plant
material was then dried in an oven at 80°C for 72 h to determine the dry
weight (DW).
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2.4. Pressure-volume curves

Leaf water potential isotherms (or pressure-volume, PV curves) were
measured on 5 leaves per treatment to estimate: leaf water potential at
the turgor loss point (Wyp), osmotic potential at full turgor (ng), bulk
modulus of elasticity (¢), leaf capacitance at full turgor (Cg) and after the
turgor loss point (Cyp). PV curves were performed in a preliminary
experiment on well-watered samples (Cw and HCw) to determine the
established threshold value needed to induce drought. Additionally, PV
curves were performed at the end of the experimental period to assess
any possible changes in PV traits. To perform PV curves, leaves were cut
under water and allowed to rehydrate for at least 1 h. Leaf water po-
tential (¥y) and leaf water loss were measured at regular intervals
during progressive dehydration (Tyree and Hammel, 1972). Wy, was
estimated as the flex point of the relationship between 1/¥| and water
loss. Moreover, np was calculated by the y-intercept of the linear region
of this relationship, and € was calculated as APt/(AW/W), where APt is
the change of turgor pressure and AW/W is the relative change of the
leaf water content. Leaf capacitance was also derived from PV curves.
Specifically, Cg was estimated as: A(100-RWC)/(AWy, before ¥y;,) and
Cyp was estimated as: A(100-RWC)/(AYy, past Wyp), where RWC is the
relative water content. The samples were finally dried in an oven for 3
days at 80 °C to obtain their DW. Additionally, the leaf-area specific Cg
(C*f) and leaf-area specific Cyp (C*yp) were also estimated as: C*g: Cg X
SWC x LMA; C*yp= Cgp x SWC x LMA x RWCy, where SWC is the
saturated water content and RWCy,, is the RWC at the turgor loss point.

2.5. Gas exchange, photosynthesis and plant hydraulic conductance
measurements

Stomatal conductance to water vapor (gp), transpiration rate (Ep),
photosynthesis rate (An) (measured using a portable LCi Analyzer Sys-
tem, ADC Bioscientific Ltd., Herts) were measured starting three weeks
after transferring the plants into pots. Measurements were performed
diurnally at 11:00 am, five hours after the lamps were switched on.
Additionally, leaf water potential (¥1) was measured on the day drought
treatment began (day 0), as well as two days after rewatering following
the second (day 17) and third (day 27) drought cycles (Supplementary
Figure 1). ¥, was measured on five leaves per treatment using a pressure
bomb on the same leaves where E; was recorded. Plant hydraulic
conductance (Kpjany) was then estimated using the formula: Ep / (¥, -
Wyoil), where Wy, is the soil water potential measured by a dewpoint
hygrometer (Model WP4, Decagon Devices Inc.) (Raimondo et al.,
2015).

2.6. Relative electrolyte leakage

Leaf, stem and root electrolyte leakage measurements as proxy of cell
membrane damage were measured at the end of the experimental period
(Trifilo et al., 2023).

Leaf samples of about 1 cm?, 2-cm long stem segments and root
samples were cut with a razor blade and placed in test tubes containing
8 ml of distilled water. Tubes were then stirred for 30 min and the initial
electrical conductivity of the solution (ECi) was recorded by a conduc-
tivity metre (Cond 5, XS instruments). Samples were then subjected to
three freeze/thaw cycles (i.e., T = —20°C, +20°C) to induce membrane
disruption and processed as above to estimate the final electrical con-
ductivity of the solution (ECf). The relative electrolyte leakage, REL, was
calculated as: (ECi/ECf) x 100.

2.7. Water use efficiency estimation (WUEL)

Intrinsic plant water use efficiency was determined through carbon
stable isotopes analysis at the end of treatment. Stem, roots, leaves of the
individuals H. annuus were air dried, pulverized with a pulverizing mill
(ZM 1000, Retsch, Haan, Germany) and weighed in tin capsules for
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carbon isotopic measurements. The isotopic composition was measured
at the IRMS laboratory of the University of Campania “Luigi Vanvitelli”
by mass spectrometry with a continuous flow isotope ratio (Delta V
Advantage, Thermo Scientific, Waltham, MA, USA). The standard de-
viation for the repeated analysis of an internal standard was better than
0.1 %o. 5'3C data were used for computing the intrinsic water use effi-
ciency (WUEI), a ratio between the carbon assimilation rate and sto-
matal conductance, following Farquhar’s theoretical framework
(Farquhar et al., 1982) which can be summarized by the equations 1 and
2.

§'*Cplant = $"*Catm — a — b-ay
ca
wug; = 4 ¢ _An
1.6 gs

Where a is the fractionation factor due to diffusion through the stomata
(-4.4 %o) and b is the fractionation factor of RUBISCO (-27 %o). 8-3Catm
and ca are the isotopic value of atmospheric CO; and its concentration,
which are known, as well as the 8'3Cplant which is measured through
the stable isotope measurements, ca is the COy concentration in the at-
mosphere, while ci is the concentration of CO; in the intercellular spaces
of the leaves, and 1.6 is the ratio of the diffusivity of water and CO4
through the stomata, An is the net assimilation rate and gs is stomatal
conductance. The gradient between the concentration of CO, inside the
leave and outside is a direct result of the balance between photosyn-
thesis, that subtracts CO, and stomatal conductance, which allows CO,
to enter the leaf.

2.8. Transcriptomic analysis

For RNA-Seq analysis, sunflower leaf samples were collected on day
27 from the start of drought treatment and stored at —80 °C to ensure
RNA integrity. To obtain a representative RNA expression profile three
biological replications were used. Total RNA was extracted using the
RNeasy mini kit (Qiagen, Hilden, North Rhine-Westphalia, Germany)
according to the manufacturer’s instructions. Quality and quantity of
the isolated RNA were checked using a NanoDrop 1000 spectropho-
tometer (Thermo Scientific, Wilmington, Delaware, USA) and dena-
turing agarose gel electrophoresis. Finally, DNA was eliminated by
treatment with TURBO DNA-free™ Kit (Thermo-Fisher).

2.9. RNA sequencing and data processing

Total RNA was used for sequencing libraries using Illumina Stranded
mRNA Prep (Illumina Inc.). The library products were sequenced on the
[lumina NovaSeq X plus platform, and 150 bp paired-end reads were
generated. Raw read quality was checked using ‘FastQC’ (Andrews,
2010) and data were cleaned using Trim Galore (v. 3.0) (Krueger, 2021).
After, the clean reads were mapped with STAR software (Dobin et al.,
2013) into the sunflower reference genome HanXRQr2.0-SUNRISE
(Badouin et al., 2017). Mapped reads were assigned to genes and
quantified with ‘featureCounts’ (Liao et al., 2014). Downstream data
analysis, as differential expresses genes (DEGs) was performed in R v.
4.1.2 (R Core Team, 2022) on data normalized using DESeq2 package
(Love et al., 2014).

2.10. Gene ontology and KEGG enrichment

In order to evaluate gene ontology (GO) as well as KEGG pathway,
the candidate DEGs were submitted to Database for Annotation, Visu-
alization and Integrated Discovery (DAVID) (Sherman et al., 2022;
Huang et al, 2009) by wusing sunflower reference genome
(HanXRQr2.0-SUNRISE) as background. In addition, the three cate-
gories (biological process, BP; cellular component, CC; and molecular



Table 1

Means + SD of: a) biomass traits, b) PV-derived traits, and c) intrinsic water use efficiency (WUEi) and d) relative electrolyte leakage (REL) recorded in well-watered (Cw and HCw) and drought-stressed (Cp and HCp)
Helianthus annuus plants. Different letters indicate statistically significant differences. Statistically significant differences were determined by two-way ANOVA, followed by Holm-Sidak post hoc tests, and are reported for

the two growing media (GM: substrate, C; and substrate mixed with hydrochar, HC) and irrigation treatments (I: well-watered and drought-stressed). ns: not statistically significant; *: P < 0.05; **: P < 0.01; ***:

P < 0.001. Hplant: plant height; LMA: leaf mass per area; DW: dry weight; ¥y, leaf water potential at the turgor loss point, mo. osmotic potential at full turgor, e: bulk modulus of elasticity, RWCy,: relative water content at

turgor loss point, C*; and C*yj,: leaf-area specific capacitance at full turgor and after the turgor loss point, respectively.

Cw HCw Cp HCp GM I GM**1
a) Biomass traits (n = 5)
H plant (cm) 11.2+1.4 14.6 £ 1.0 9.2+20 11.6 + 2.4 o * ns
O (cm) 51+0.7 5.6 £ 1.5 5.3+0.9 55+0.3 ns ns ns
N leaves 17.8 £ 3.3 18.6 £ 4.0 17.2+ 3.4 17.8 £2.3 ns ns ns
Ay, (cm?) 333.1+70.3 339.9 +65.1 218.6 +24.8 327.6 + 38.7 * ns
LMA (g m~2%) 27.3 £ 3.5a 27.2+1.8a 34.9 £+ 2.0b 43.0 £+ 4.5¢ * i *
DW plant (mg) 2703.0 £+ 231.3 3760.8 + 456.9 2329.8 + 813.4 3870.7 + 743.9 e ns ns
DW stem (mg) 343.9 + 38.0 465.0 + 120.0 253.6 +113.0 4249 +145.1 * ns ns
DW leaves (mg) 894.6 + 166.9a 960.8 + 159.9a 1022.9 + 234.4b 1793.9 + 463.9¢ * i *
DW bud (mg) 1153.1 +£186.2 1842.1 £+ 453.5 284.5 +188.4 726.8 + 222.3 * o ns
DW root (mg) 311.5+41.4 492.3 + 43.6 768.9 + 322.5 924.9 + 227.8 * ns
b) PV-derived traits (n = 5)
-Wyp (MPa) 1.07 + 0.04a 1.08 + 0.06a 1.66 +0.12b 1.97 £ 0.1c e ki i
-1, (MPa) 0.82 + 0.07a 0.85 + 0.06a 1.22 + 0.09b 1.59 + 0.08c ok ok
€ (MPa) 5.8 +1.5a 5.1+1.7a 13.4 + 2.4b 19.6 + 4.5¢ ns
RWCy;, (%) 75.2 + 2.4 74.5 £ 2.9 86.3 + 4.7 83.4+28 ns sk ns
C*g 1.92 +0.31 1.93 £+ 0.45 1.87 £0.31 1.73 £ 0.35 ns ns ns
(mmol m~2MPa—!)
C*up 4.46 + 0.66a 8.56 + 0.99b 4.55 + 0.94a 4.48 + 0.70a ok ok ok
(mmol m—2MPa—')
SWC(gg™ 8.88 +1.39 9.14 + 0.86 9.69 +1.13 8.14 + 2.22 ns ns ns
¢) WUEi (n = 3)
Leaf 24.8 +16.4 28.9 £ 16.7 742+ 4.4 88.4 +£21.4 ns e ns
Stem 31.6 + 8.1 55.7 + 4.9 91.5 + 14.9 83.8 + 4.8 ns i ns
Root 36.9 + 2.6 58.6 + 4.8 947 £ 6.8 91.9+11.5 ns o ns
d) REL (n = 8)
REL leaf (%) 13.7 £ 3.5a 14.9 + 3.6a 26.7 + 2.9b 17.4 £ 3.9a ok el ek
REL stem (%) 25.5£5.2 247 £6.8 239+ 6.6 24.3 £3.8 ns ns ns
REL root (%) 40.9 + 6.5a 40.9 + 5.9a 55.9 + 7.6b 41.1 £10.4a * * *

‘D 32 01N S
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Fig. 2. Mean =+ SD values of A) plant hydraulic conductance (Kpiant) and B) leaf water potential (¥1), measured on the day drought treatment began (day 0), and
three days after rewatering following the second (day 17) and third (day 27) drought cycles, in well-watered (C,, and HC,,) and drought-treated (Cp and HCp)
Helianthus annuus plants. Different letters indicate statistically significant differences as determined by a two-way ANOVA followed by a Holm-Sidak post-hoc test,
accounting for both the growing medium (GM, i.e., substrate, C, and substrate mixed with hydrochar, HC) and the irrigation treatment (I, i.e., regularly watered

samples and samples subjected to drought).

function, MF) and KEGG were filtered by Fisher’s exact test as well as
Bonferroni multi-test adjustment method (Du et al., 2010).

2.11. Weighted gene co-expression network analysis (WGCNA)

Starting from DEGs identified among different treatments, the
WGCNA was performed using variance stabilizing transformed (VST)
expression data of the gene counts. The correlation between genes was
estimated using the Pearson correlation coefficient (PCC), which was
used to calculate the distance matrix. WGCNA was performed using the
WGCNA R package v. 1.70-3 (Langfelder and Horvath, 2008). The
distance matrix was then used for dynamic hierarchical clustering and to
build edges (connections) between nodes (genes) in the network. In
addition, network topology research was executed from 1 to 40 soft
thresholding powers using scale-free topology criteria and used a spe-
cific power to identify the co-expressed modules. The minimum module
size was set to 30, and the merge cut height was set to 0.15 (to merge
modules with at least 85 % similarity). The correlations between one
gene and all others were incorporated into an adjacency matrix, which
was transformed into a topological matrix (TOM) (Yip and Horvath,
2007). After hierarchical clustering, highly correlated genes were
assigned to the same module (Ravasz et al., 2002). Finally, the eigen-
genes highly associated with specific parameters were considered to
select hub genes to construct regulatory networks by using Cytoscape v.
3.10.1 software (Shannon et al., 2003).

2.12. Quantitative real-time PCR verification

Total RNA was isolated from sunflower leaves exposed to drouth
stress (Cp) and control (Cyy). RNA was extracted using RNeasy Plant Mini
Kit (Qiagen, Milano, Italy) according to the manufacturer’s protocol and
its quality and quantification were assayed using a NanoDrop 2000
(Thermo Scientific). A first-strand cDNA was synthesized from 2 pg of
total RNA by using Maxima™ Reverse Transcriptases kit and quantita-
tive expression analysis was performed using the PowerUp™ SYBR™
Green Master Mix (Thermo Fisher) on a QuantStudio® 5 Real-Time PCR
System (Applied Biosystems, Europe). The expression profiles of seven
hub gene selected were analysed. Finally, the correlation between RNA-
seq and qRT-PCR data was determined using a linear model. The gene-
specific primers used are listed in Supplementary Table S3.

2.13. Statistical analysis

Statistical analysis was performed using SigmaStat v. 12.0 software

(SPSS, Inc., Chicago, IL, USA).

To check differences between growing medium (GM, soil and soil
enriched with hydrochar) and the effect of irrigation (I, well-watered
versus drought) on Hplant, @, number of leaves, LMA, DW, Wy, 7, €,
RWCp, C*g, C*yp, SWC (data reported in Table 1a, b), Kpjane and -¥p,
(Fig. 2), g1, Er, An (Supplementary Figure 9), WUEi and REL in leaf, stem
and root (Table 1c, d), two-way ANOVA tests, followed by Pairwise
multiple comparisons (Holm-Sidak method) were performed, after
verifying normality and homoscedasticity assumptions. To check dif-
ferences in biomass (Supplementary Figure 8) among growing medium
(GM, soil and soil enriched with hydrochar), the effect of irrigation (I,
well-watered versus drought) and the organs (O, root, stem, leaf and
flower) a three-way ANOVA test, followed by Pairwise multiple com-
parisons (Holm-Sidak method) was performed, after verifying normality
and homoscedasticity assumptions.

3. Results
3.1. Physical-chemical characterization of hydrochar

The FT-IR spectrum of the hydrochar sample revealed several key
features characteristic of biomass-derived carbonaceous materials
(Supplementary Figure 2). A broad absorption band centered at
3380 cm™! corresponds to O-H stretching vibrations, indicative of hy-
droxyl groups. A distinct band at 2390 cm™ suggests the presence of
C-H stretching. Peaks at 1700 and 1600 cm™ are attributed to C=0
stretching in carboxylic acids or conjugated carbonyl groups and C—=C
stretching in alkenes, respectively. The absorption at 1430 cm™ is
consistent with alkane stretching into methyl groups. Additionally, the
peak at 1200 cm™ may arise from either aromatic ring vibrations or C-O
stretching in aromatic esters. The band at 1020 cm™ is likely associated
with CO-O-CO stretching vibrations.

CHNS-O elemental analysis (Supplementary Figure 3) confirmed the
presence of the primary elements in the hydrochar, with a significant
abundance of carbon and oxygen. Notably, nitrogen-containing groups
were absent, a finding supported by the FT-IR spectrum, which lacked
characteristic bands for amine or nitro functionalities (Supplementary
Figure 2).

Raman spectroscopy further elucidated the structural features of the
hydrochar (Supplementary Figure 4). The spectrum displayed two
dominant bands: the D-band at ~1390 cm™ , indicative of structural
defects and disorder in graphitic domains, and the G-band at
~1590 cm™ , associated with the in-plane vibration of sp>-hybridized
carbon atoms, characteristic of graphitic structures. A valley observed at
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~1480 cm™ is attributed to Kekulé vibrational modes of aromatic rings,
suggesting partial aromatic condensation.

UV-Vis spectroscopy revealed a single, intense absorption peak at
~280 nm (Supplementary Figure 5), typical of n-n* transitions in sp?-
conjugated aromatic systems. This also implies the presence of
oxygenated functional groups such as carbonyl (C=0) and carboxyl
(COOH) moieties, which commonly form during hydrothermal carbon-
ization (HTC).

The morphological characteristics of the hydrochar were examined
using SEM (Fig. 1A, B). SEM images showed an amorphous surface
interspersed with numerous microspheres, a hallmark of hydrochar
derived from lignocellulosic biomass via HTC. These observations
confirm the formation of typical HTC-derived structures under the
applied conditions.

XRD analysis (Supplementary Figure 6) revealed two weak re-
flections at 26 ~ 15.4° and 22.8°, corresponding to residual crystalline
cellulose. However, the overall diffractogram indicated a predominantly
amorphous structure, consistent with extensive depolymerization and
condensation during HTC at 240 °C.

TGA conducted under an inert atmosphere (Supplementary Figure 7)
demonstrated a major weight loss between 350 °C and 500 °C. This mass
loss is attributed to the thermal decomposition of residual biodegradable
organics, such as cellulose, hemicellulose, and their degradation prod-
ucts. These results confirm the partial retention of thermally labile
components within the final hydrochar matrix.

3.2. Growing medium properties

Soil mixed with hydrochar exhibited higher water content both at
saturation (SWC) and at field capacity (FC) compared to the control soil
(SWC: 2.6 vs. 2.1 g g”!; FC: 2.4 vs. 1.7 g g', respectively). (Fig. 1C). At
soil water potential of —1.5 MPa (i.e., the reference value of permanent
wilting point, WP), the water content was 0.7 g g+ for Cand 0.97 g g !
for HC. Hence, the amount of water available to plants (AWC), calcu-
lated as (SWC-WP), turned out to be approximately 43 % higher in HC
(1.4 g g™} than in C (1.0 g g~ 1). Moreover, in addition to the higher
SWC and AWC values, the dehydration time of soil enriched with
hydrochar was longer than that of soil without it (Fig. 1D).

No statistically significant changes in pH, cation exchange capacity
(CEQ), or electrical conductivity (EC) were recorded among the soil
experimental groups (Supplementary Table 1). Similarly, bulk density
(approximately 220 kg/m?®) were comparable across the groups. An in-
crease in total carbon and organic carbon, along with a decrease in ni-
trogen, was observed in the soil amended with hydrochar
(Supplementary Table 1).

3.3. Plant growth and morpho-anatomical traits

The presence of hydrochar in the soil and the different irrigation
treatments had no impact on the number of leaves or stem diameter
(Table 1a). In response to drought, Cp plants showed lower plant height
and a reduction in leaf surface area compared to Cw plants. However,
this was not the case for HCp plants, which exhibited a decrease in plant
height but no change in leaf surface area compared to well-watered
plants. The drought treatment led to an increase in LMA in both Cp
and HCp plants, with HCp showing the highest LMA values.

Hydrochar led to an approximate 40 % increase in plant biomass
(DW plant) in both well-watered and drought-treated plants compared
to the control under the same irrigation conditions (i.e., HCw vs. Cw and
HCp vs. Cp, respectively). The productivity of well-watered plants (Cw
and HCw) was primarily driven by the production of flowers and leaves,
which constituted about 45 % and 30 % of the total plant biomass,
respectively (Table 1, Supplementary Figure 8). In drought-treated
samples, no decrease in overall plant biomass was observed compared
to plants growing in the same growth medium (i.e., Cw vs. Cp and HCw
vs. HCp) (Table 1). Notably, HCp plants exhibited higher biomass in all
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organs compared to Cp plants, with bud weight being three times higher
than that recorded in Cp plants. Within the same irrigation treatment
(watered vs drought) no changes in biomass partitioning occurred.

3.4. Water relations

Drought treatment had a significant impact on PV-derived traits
(Table 1b). In response to drought, sunflowers lowered their turgor loss
point by reducing osmotic potential (7o) and increasing cell wall rigidity
(e). Because of the higher cell wall stiffness, irrigation treatment led to
an increase in RWCy, values in Cp and HCp leaves. In contrast, no
changes were measured in SWC values or leaf capacitance at full turgor
in the measured leaves.

Isotope analysis revealed a significant increase in WUEi in response
to irrigation (Table 1c¢). Under drought conditions, WUEI increased in all
plant organs compared to well-watered conditions. However, no sig-
nificant differences were observed between control and hydrochar
samples.

The presence of hydrochar in the soil improved plant performance,
particularly during the first weeks of growth (Supplementary Figure 9).
At the start of the drought treatment (referred to as time 0), when the
plants were about one month old, the values of g, E;, and An were
higher in the hydrochar-treated (HC) samples compared to the control
samples. Specifically, g was 818.2 + 41.8 mmol m %~ !in Cvs 1014.8
4+ 61.1 mmol m~2s~! in HC (P < 0.001), Er was 9.0 & 0.6 mmol m %!
in vs 10.5+0.4mmolm %' in HC (P=0.001), An was 9.08
+0.7mmolm 2 'vs11.4 + 0.8 mmol m %! (P < 0.001). This trend
persisted during the first week of drought treatment. Correspondingly,
during the first 7 days of treatment (0—7), stomatal conductance to
water vapor was approximately 950 mmol m?s™ in both HCw and HCp,
while it did not exceed 750 mmol m?s~ in Cw and Cp. Similarly, in the
same period, An was about 9.5 mmol m?s~ in HCw but did not exceed
8.5 mmol m?s~! in Cw and was about 8 mmol m?s~! in HCp but no more
than 5 mmol m?s! in Cp. As expected, the drought treatment resulted in
a significant reduction in gas exchange. Consequently, Cp and HCp
showed similar values for the measured parameters during days 8-14
and 15-27.

The efficiency of long-distance water transport (Kpjan:) Was higher in
hydrochar-treated samples compared to the control at the start of the
drought treatment (approximately 15 vs. 11 mmol m?™ MPa™)
(Fig. 2A, Supplementary Table 2).

In response to the drought-re-irrigation cycle, specifically three days
after the first re-irrigation (day 17), Cp and HCp exhibited a notable
reduction in Kpjane compared to Cw and HCw. Additionally, it is worth
noting that the hydraulic conductance of HCp plants was higher than
that measured in Cp samples. At the end of the experimental period,
three days after the second re-irrigation, Cw and HCw continued to
maintain the same values recorded at time O (i.e., 11 and 15 mmol m?s!
MPa™), while Cp and HCp showed similar values of approximately
3 mmol m? MPa™.

Cp leaves demonstrated a lower ability to recover water status after
drought events compared to HCp leaves (Fig. 2B). Specifically, the water
potential values were more negative in Cp samples than in HCp samples.
Additionally, despite similar relative electrolyte leakage (REL) values
recorded in the cell stems of all experimental groups, the root and leaf
cells of Cp plants exhibited greater damage from drought events
(Table 1c¢).

3.5. Transcriptomic sequencing

In order to identify the molecular mechanisms underlying the effects
of hydrochar on drought tolerance, we performed transcriptomic
sequencing of the leaf in plants exposed to Cw, Cp, HCw and HCp,. After
adapter trimming and removal of low-quality reads, the Q30 values
ranged from 95.5 % to 98.8 %, and the GC content varied between 47 %
and 48 %. Moreover, 81.18-86.65 % of the clean reads were uniquely
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Fig. 3. A) Number of DEGs in different treatments; B) Venn diagram analysis to show the overlap or specific DEGs among different treatments.

mapped to the Helianthus annuus reference genome (Supplementary
Table 4).

Principal component analysis (PCA) of transcriptomic profiles
showed a high degree of clustering among the three biological repli-
cates. While samples from HCw and Cw exhibited similar expression
patterns, distinct transcriptional responses were observed in C and HC
under drought conditions (Supplementary Figure 10).

Differential gene expression analysis using DESeq2, with thresholds
set at logz(fold change) > |1| and adjusted p-value < 0.05, identified
4525 DEGs (2409 upregulated and 2116 downregulated) in Cp vs Cw,
9898 DEGs (5519 upregulated and 4379 downregulated) in HCp vs Cw,
and 4762 DEGs (2403 upregulated and 2359 downregulated) in HCp, vs
Cp (Fig. 3A).

Although the number of DEGs in Cp vs Cw and HCp vs Cp was
comparable, their expression profiles differed qualitatively. A total of
269 DEGs were shared among all three comparisons, whereas 1045,
1181, and 4426 DEGs were uniquely expressed in Cp vs Cw, HCp vs Cp,
and HCp vs Cw, respectively (Fig. 3B).

Additionally, 452 transcription factors (TFs) were identified among
the 12,771 DEGs, highlighting the potential regulatory mechanisms
involved in the response to drought and hydrochar treatment.

3.6. Functional annotation analysis of DEGs

Gene Ontology (GO) enrichment analysis revealed both distinct yet
overlapping functional responses across treatments (Cp vs Cw, HCp vs
Cp, and HCp vs Cw), highlighting both drought- and hydrochar-induced
molecular adjustments (Fig. 4).

In the Cp vs Cw enriched biological processes were mainly related to
photosynthesis, chloroplast organization, and light harvesting, together
with genes involved in detoxification and transmembrane transport,
indicating a coordinated regulation of energy metabolism and stress
adaptation (Fig. 4).

In HCp vs Cp, enrichment of carbon metabolism, ribosome biogen-
esis, and response to light stimulus suggested enhanced photosynthetic
activity and protein synthesis under hydrochar amendment (Fig. 4). The
HCp vs Cw comparison exhibited the broadest enrichment across cate-
gories, involving photosynthesis, chlorophyll and isoprenoid biosyn-
thesis, protein phosphorylation, and vesicle-mediated transport,
reflecting a comprehensive metabolic and signalling reprogramming
under combined hydrochar and drought stress (Fig. 4).

Consistently, cellular component terms were dominated by

chloroplast- and thylakoid-associated genes, while molecular functions
included oxidoreductase, transporter, and transcription factor activities,
indicating an integrated redox and regulatory adjustment to stress
conditions

KEGG pathway enrichment further supported these findings (Fig. 5).
Across all comparisons, major pathways involved carbon and amino acid
metabolism, photosynthesis, and biosynthesis of secondary metabolites,
reflecting a global reorganization of primary and secondary metabolism.
In particular, HCp treatments enhanced carbon fixation, fatty acid
biosynthesis, and chlorophyll metabolism, suggesting improved photo-
synthetic performance and membrane remodelling. These results
collectively point to hydrochar-mediated reinforcement of energy
metabolism and stress-defence pathways under drought conditions.

3.7. Gene Co-expression modules and their associations with
physiological traits

To elucidate the functional relevance of co-expressed gene modules
in relation to key physiological traits, we performed a Weighted Gene
Co-expression Network Analysis (WGCNA).

From the 12.771 differentially expressed genes (DEGs) across treat-
ments, 17 merged co-expression modules were constructed
(Supplementary Figure 11a). Module sizes varied considerably, ranging
from 3.562 genes in the black module to only 69 genes in the ivory and
lightcyanl modules (Supplementary Figure 11B). Correlation analysis
between module eigengenes and physiological traits (REL leaf, ¥p, mo,
EL, An, WUEI) identified several modules strongly associated with
drought-related response (|r| > 0.8, p < 0.05; Fig. 6).

The black, darkmagenta, and orange modules showed the strongest
correlations with water-use efficiency and drought-related parameters,
representing key targets for functional exploration. The black module
was positively correlated with WUEi (r = 0.81), ¥y, (r = 0.64), and no
(r =0.70), indicating a potential role in water-use efficiency and
drought resistance. The darkmagenta module was positively associated
with RELjess (r = 0.85) and An (r = 0.57), suggesting involvement in
membrane stability and photosynthetic maintenance. The orange mod-
ule was also correlated with WUEIi (r = 0.86), reinforcing its potential
role in water-use regulation.

Network analysis of the darkmagenta module (128 nodes, 299 edges)
identified several hub genes (Fig. 7), including LOC110878709 (dehy-
drodolichyl diphosphate synthase 6), LOC110879135 (protein LHY),
LOC110879133 (putative circadian clock associated 1), LOC110879509
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Fig. 4. Gene Ontology (GO) enrichment analysis of differentially expressed genes in sunflower under various treatment comparisons. The bubble plot displays
enriched GO terms categorized into Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) for the comparisons Cp vs Cw, HCp, vs Cp, and
HCp vs Cw. The size of each bubble indicates the number of genes associated with a given GO term (Count), while the colour gradient represents the significance level

(adjusted p-value).

(deSI-like protein At4g17486), LOC110917079 (acyl-CoA-sterol O-acyl-
transferase 1), LOC110865391 (delta-1-pyrroline-5-carboxylate synthase).
In the orange module (45 nodes, 111 edges), hub genes included
LOC110873217 (shaggy-related protein kinase delta), LOC110879889
(cyclin-dependent kinase G-2), LOC110901511, LOC110911187 (unchar-
acterized proteins), LOC110920491 (F-box/FBD/LRR-repeat-containing
protein), LOC110937058 (protein DEHYDRATION-INDUCED 19 homolog
4). Within the black module, hub genes with putative roles in stress and
metabolic regulation included LOC110865063 (ethylene-responsive
transcription factor RAP2-3), LOC110879425 (trimethylguanosine syn-
thase), LOC110866574 (EARLY RESPONSIVE TO DEHYDRATION 15),

LOC110894858 (monooxygenase 1), LOC110887595 (stress-response A/B
barrel domain-containing protein DABB1-like), LOC110874237 (alcohol
dehydrogenase 2), LOC110897976 (zinc finger CCCH domain-containing
protein 11-like).

To further explore the molecular response of sunflower plants to
drought stress and hydrochar treatment, we analyzed the expression
patterns of key hub genes identified through Weighted Gene Co-
expression Network Analysis (WGCNA). Nineteen hub genes were
grouped into three co-expression modules, black, orange, and darkma-
genta, each of which demonstrated distinct transcriptional responses to
the treatments. Genes in the black module (e.g., RAP2.3 transcription
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Fig. 5. KEGG pathway analysis of differentially expressed genes in sunflower under various treatment comparisons (Cp vs Cw, HCp vs Cp, and HCp vs Cw). The size
of each bubble indicates the number of genes associated with a given pathway (Count), while the colour gradient represents the significance level (adjusted p-value),
with red indicating higher significance.

Fig. 6. Correlations of physiological indicators with WGCNA modules. Each row corresponds to a module, while the columns correspond to physiological indicators.
The colour of each cell indicates the correlation coefficient between the module and physiological indicator (the top number in the cell represents the correlation
coefficient, and bottom one in parentheses represents the P value). REL leaf, relative electrolyte leakage of the leaf; Wyj, leaf water potential at the turgor loss point;
Tp, osmotic potential at full turgor; €, bulk modulus of elasticity; An, photosynthesis rate; WUEI, intrinsic water use efficiency.
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Fig. 7. Tight correlation between gene significance (GS) and module membership (MM) in the three WGCNA modules that best correlate with morpho-physiological
traits (black (A), orange (C), and dark magenta (E) modules). The correlation networks of hub genes in each module (black (B), orange (D), and dark magenta (F)
modules). Hub genes identified by the highest weights in the weighted gene co-expression network analysis (WGCNA) within each network are highlighted in yellow
and labelled based on their annotations.
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Fig. 8. Hydrochar derived from garden waste significantly enhances drought tolerance in Helianthus annuus L. by improving soil water retention, which in turn
modulates key stress-responsive gene networks involved in plant hydraulics and overall drought resilience.

factor, trimethylguanosine synthase, EARLY RESPONSIVE TO DEHY-
DRATION 15) showed strong upregulation under both drought (Cp) and
hydrochar + drought (HCp) conditions compared to the control
(Supplementary Figure 13), whereas the EARLY RESPONSIVE TO
DEHYDRATION 15 gene exhibited peak expression under drought stress
alone, with slightly reduced expression in the HCp treatment,.

Finally, within the black module, 12 transcription factors were spe-
cifically induced by hydrochar under drought (HCD vs. CD), including
WRKY, NAC, bZIP, AP2/ERF, and GATA family members
(Supplementary Fig. 14; Supplementary Table 5). Although some of
these transcription factors have not been experimentally validated for
drought response, their co-expression and module-trait correlations
indicate a potential regulatory role in stress adaptation.

4. Discussion

This study demonstrates how hydrochar, derived from garden waste,
can enhance drought resilience in sunflower by modulating soil water
dynamics, improving plant physiological performance, and reprogram-
ming stress-related gene networks (Fig. 8). By integrating soil, physio-
logical, and transcriptomic data, we provide a comprehensive picture of
HC’s role as a multifunctional soil amendment.

4.1. Hydrochar improves soil water retention while preserving chemical
balance

The garden waste-derived hydrochar used in this study displayed
distinctive physicochemical properties (high carbon content, structural
disorder, abundant oxygenated functional groups, and thermal stability)
that underpin its water-retentive capacity. HC significantly increased
soil water retention, raising available gravimetric water content at the
standard permanent wilting point of —1.5 MPa by ~43 % compared to
controls. This result aligns with findings in coarse-textured soils (Liu
et al., 2018; de Jesus et al., 2019) and is likely attributable to HC’s
porous architecture and abundance of hydrophilic functional groups (e.
g., carboxyl, hydroxyl, phenolic moieties), which promote water sorp-
tion and reduce evaporation.

Extended dehydration times observed in HC-treated soils further
support this mechanism, in line with earlier observations (Kamb and
Dutta, 2015; Kravchenko et al., 2024). Moreover, HC’s aromatic do-
mains and disordered carbon matrix may facilitate the adsorption of
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organic and inorganic pollutants, suggesting additional value in envi-
ronmental remediation (Khan et al., 2020).

Crucially, HC application did not significantly affect key soil chem-
ical parameters (pH, cation exchange capacity, electrical conductivity,
bulk density), confirming that water retention improvements occur
without altering the chemical balance of the soil. This finding corrob-
orates studies using similarly processed garden waste-derived HC
(Suarez et al., 2023), though deviations have been reported with alter-
native feedstocks or HTC conditions (de Jager and Gianim, 2021),
underlining the importance of source material and processing parame-
ters (Kalderis. et al., 2019; Zhao et al., 2024).

While HC increased both total and organic carbon in soils, an ex-
pected effect of its carbon-rich composition, nitrogen levels declined,
possibly due to altered nitrogen speciation or volatilization during hy-
drothermal processing (Kruse et al., 2016; Alhnidi et al., 2020; Xie et al.,
2023). Given its lignocellulosic structure and high availability, garden
waste emerges as a viable and sustainable feedstock for HC production
(Fregolente et al., 2021).

In summary, garden waste-derived HC offers an effective strategy to
improve soil water retention without disrupting chemical equilibrium,
while potentially contributing to long-term carbon sequestration and
circular economy strategies in agriculture.

4.2. Hydrochar promotes growth and water use under both optimal and
drought conditions

HC-treated H. annuus plants showed enhanced performance under
both irrigation regimes. While literature reports diverging plant re-
sponses to HC, ranging from growth promotion (de Jager and Gianim,
2021; Battipaglia et al., 2023) to inhibition (Luutu et al., 2022), such
variability likely reflects differences in feedstock composition, HTC
parameters, and experimental setups.

Here, we integrated morphological, physiological, and hydraulic
data to elucidate HC’s role beyond biomass outcomes. Under well-
watered conditions, HC improved total biomass across vegetative and
reproductive organs, paralleled by enhanced photosynthesis, increased
gas exchange efficiency, and higher whole-plant hydraulic conductance.
These outcomes are consistent with improved root-stem-leaf hydraulic
architecture and greater carbon gain (Raimondo et al., 2009; Rodriguez
Gamir et al., 2016; Creek et al., 2018).

Drought stress revealed even more pronounced HC effects. Biomass
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production in HC-treated droughted plants (HCp) was comparable to
well-watered controls, suggesting that enhanced pre-stress growth and
carbon reserves buffered drought-induced declines. Notably, biomass
allocation shifted toward roots and leaves, indicated by higher LMA and
reduced investment in buds, reflecting a strategy favoring water uptake
and stress tolerance. Still, bud biomass in HCp remained substantially
higher than in Cp plants, suggesting that HC also helps sustain repro-
ductive development under stress.

Although total biomass was maintained under drought in both con-
trol and hydrochar-treated plants, it is reasonable to hypothesize that
the reduced photosynthetic rate may have limited the accumulation of
non-structural carbohydrates (NSCs), which serve as carbon reserves
and precursors for secondary metabolites. This hypothesis warrants
testing in future studies.

Physiological analyses confirmed drought tolerance mechanisms.
HC-treated plants showed more negative turgor loss point and osmotic
potential, greater cell wall rigidity, and higher LMA, classic indicators of
osmotic adjustment and dehydration tolerance (Bartlett et al., 2012;
Zhou et al., 2018; Nardini, 2022).

Moreover, membrane integrity was better preserved in HCp plants,
with relative electrolyte leakage similar to that of unstressed plants.
Membrane stabilization is essential for maintaining cellular homeostasis
under drought (Guadagno et al., 2017; Trifilo et al., 2021), and its
preservation likely contributes to HC-mediated stress mitigation at the
cellular level.

In conclusion, HC improves plant growth and physiological perfor-
mance under favorable conditions while significantly enhancing toler-
ance to water deficit. These benefits arise from coordinated effects on
water relations, hydraulic conductance, and membrane stability, sup-
porting HC’s value in sustainable cropping systems facing increasing
drought risks. The effects of HC on plant performance may arise from
direct actions of bioactive compounds or indirect benefits through
improved soil properties and water availability. While we did not
measure microbial and chemical contributions in this study, the
observed improvements in plant performance suggest that both mech-
anisms may contribute. Future work should aim to disentangle these
effects by assessing HC bioactive compounds and soil-microbe in-
teractions, providing a more complete understanding of the pathways
through which HC enhances drought resilience.

4.3. Hydrochar reprograms drought-responsive transcriptional networks

Transcriptomic data revealed that HC modulates drought responses
at the molecular level, especially under stress. While transcriptomes of
well-watered HC and control plants were largely similar, HC-treated
plants under drought exhibited a distinct transcriptional profile
compared to untreated droughted plants, suggesting an active priming
or reprogramming effect rather than passive amplification (Wu et al.,
2022).

A key feature was the differential expression of 452 transcription
factors (TFs), many uniquely upregulated in HCD plants. These included
members of WRKY, NAC, bZIP, bHLH, TCP, and AP2/ERF families,
known to regulate hormonal signaling, osmoprotection, and redox ho-
meostasis (Manavella et al., 2006; Singh and Laxmi, 2015; Wang et al.,
2022; Li et al., 2022; Zhou et al., 2024).

GO enrichment analysis of DEGs in Cp plants highlighted
chloroplast-related pathway, photosynthesis, plastid organization,
chlorophyll biosynthesis, reflecting stress impacts on plastid function
(Zahra et al., 2023; Zaib et al., 2023). Enriched terms in HCp plants also
included xenobiotic detoxification and membrane transport pathways,
suggesting HC primes protective and detoxifying responses to mitigate
oxidative and osmotic damage.

WGCNA identified gene co-expression modules tightly linked to
physiological traits. The black module, positively correlated with WUEI,
no, and Wtlp, contained hub genes such as monooxygenase 1
(LOC110894858), RAP2.3, and ERDI15. These genes are involved in
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secondary metabolism, ethylene signaling, and early dehydration re-
sponses, and were strongly upregulated under drought but partially or
fully restored in HCp, plants, indicative of HC’s capacity to reinforce and
stabilize key drought regulatory circuits (Moschen et al., 2017; Shen
et al., 2023; Moroldo et al., 2024).

The darkmagenta module, linked to net photosynthesis and mem-
brane stability, comprised circadian regulators (LHY, putative CCA1) and
lipid metabolism genes, suggesting time-of-day coordination of stress
responses and membrane remodelling (Marcolino Gomes et al., 2014; Yi
et al., 2022; Moroldo et al., 2024).

A third co-expression cluster, the orange module, was enriched in
genes related to protein phosphorylation, signal transduction, and
general stress responses. Hub genes such as protein kinase
(LOC110873217) were identified as central regulators of
phosphorylation-dependent signalling cascades involved in drought
adaptation (Moschen et al., 2017). Other important hub genes, such as
trimethylguanosine synthase and DABBI-like proteins, are linked to RNA
stabilization and protein folding, further underscoring HC’s role in
preserving transcriptomic and enzymatic functionality during stress
(Giordani et al., 2011; Escalante et al., 2020).

Among the transcription factors upregulated in HCp-treated plants,
several families emerged as potential master regulators of drought
tolerance. Members of the WRKY family, such as WRKY51 and WRKY65,
are known mediators of ABA-responsive gene networks through their
interaction with W-box motifs. In particular, WRKY65 has been recently
correlated with enhanced drought tolerance in sunflowers, highlighting
its pivotal role in the regulation of stress-responsive pathways (Li et al.,
2020), while WRKY51 has been shown to be upregulated under various
abiotic stresses, including drought (Gupta et al., 2025; Wang et al.,
2026). In addition, NAC transcription factors such as NAC25 and NAC87
were strongly induced by hydrochar treatment. Previous analyses of
cis-acting elements and expression profiles of HaNAC genes have indi-
cated that these factors play key roles in osmotic adjustment, antioxi-
dant defense, and cell wall remodeling under salt and drought stress
conditions (Li et al., 2021). Collectively, these findings suggest that
hydrochar application may enhance drought resilience by modulating a
coordinated network of transcriptional regulators involved in ABA
signaling and stress adaptation.

Among the transcription factors upregulated in hydrochar-treated
sunflower plants under drought, several families emerged as key regu-
lators of developmental plasticity and stress adaptation, including
GATA15, RAV1 and TCP15. Although direct functional evidence in
Helianthus annuus is still limited, homologs of these genes in model
species such as Arabidopsis thaliana have been implicated in drought-
related processes: overexpression of OsTCP19 imparted drought stress
tolerance in Arabidopsis (Mukhopadhyay and Tyagi, 2015). Moreover, a
recent study demonstrated that in Zea mays ZmTCP42 was involved in
drought stress tolerance (Ding et al., 2019).

Similarly, RAV1 (RELATED TO ABI3/VP1) acts as a transcriptional
regulator responsive to abscisic acid (ABA) and ethylene; overexpression
studies demonstrated that AtRAV1 and GhRAVI modulate drought and
salt tolerance by influencing stomatal closure, leaf senescence, and
water-use efficiency (Feng et al., 2014; Mittal et al., 2015). Finally,
GATA15, though not yet characterized in sunflower, belongs to a TF
family known to regulate chlorophyll biosynthesis, carbon metabolism,
and stress-induced developmental reprogramming, and in wheat an
overexpressed TaGATA62 and TaGATA73 in yeast and Arabidopsis
enhanced drought and salt tolerance (Du et al., 2023)

Altogether, HC treatment reshaped drought-induced transcriptional
dynamics by modulating hormonal signaling pathways, enhancing
redox balance and osmotic protection, and preserving membrane and
protein stability. These molecular changes tightly mirrored the physio-
logical benefits observed, including improved WUEi, tissue hydration,
and stress tolerance traits. Finally, although the present transcriptomic
evidence strongly supports the involvement of these transcription fac-
tors in the sunflower drought response, further functional studies are



S. Mileto et al.

required to elucidate their direct regulatory roles. In particular, targeted
experiments such as gene overexpression, loss-of-function analyses, or
chromatin immunoprecipitation sequencing (ChIP-seq) will be essential
to confirm their downstream targets and to determine whether their
induction contributes causally to drought tolerance rather than repre-
senting a secondary response to stress.

5. Conclusions

Our integrative study shows that garden waste-derived hydrochar
supports drought resilience in H. annuus by improving soil water
availability, promoting hydraulic and photosynthetic efficiency, and
reprogramming gene expression toward enhanced tolerance (Fig. 8).
These multifaceted effects underscore the potential of HC as a next-
generation bio-based amendment.

Given the variability in HC properties depending on feedstock and
HTC conditions, future work should explore genotype x environment
x amendment interactions, with a focus on long-term field performance
and soil microbiome dynamics. Investigating HC’s effects across diverse
crops and soil types will be key to scaling its application in climate-smart
agriculture.

Ultimately, HC offers a promising strategy to valorize organic waste
while improving plant productivity and resilience under water-limited
conditions, an urgent goal in the context of global climate change and
sustainable food production.
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