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ABSTRACT
Viticulture generates large amounts of
grapevine pruning waste, raising

environmental concerns. Converting this
biomass into biochar (BC) offers a
sustainable waste management strategy.
Biochar is a soil amendment that can
improve plant growth and heat stress
resilience, which is critical for maintaining
agricultural productivity under climate
change. However, the mechanisms behind
these effects remain unclear, and biochar
aqueous extract (BCE) may serve as a tool to
investigate them. This study evaluated the
effects of grapevine pruning-derived BC and
BCE on seedling growth and heat stress
resilience in Arabidopsis thaliana. Seedlings
were treated with different concentrations of
BC and BCE under control and heat stress
conditions. Plant growth parameters,
photosynthetic efficiency, and expression of
photosynthesis- and stress-related genes
were assessed. To enhance agricultural
relevance, findings were validated in broccoli
microgreens. Biochar enhanced root length
and fresh weight in A. thaliana in a
concentration-dependent manner, likely due
to increased macronutrient availability and
improved  photosynthetic  performance
(Fv/Fm). Biochar also upregulated genes
related to photosynthesis, suggesting
karrikin signaling involvement. Under heat
stress, BC further increased the expression of
antioxidant and heat shock-related genes,
indicating improved oxidative stress defense.
In broccoli microgreens, BC also promoted
fresh weight, supporting its broader
applicability. In contrast, BCE had no
significant effects on A. thaliana but
enhanced fresh weight in broccoli

microgreens, suggesting substrate-
dependent responses. These findings
demonstrate that grapevine pruning-derived
BC can promote seedling growth and heat
stress resilience while presenting an
environmentally friendly solution for
managing grapevine waste. Further research
is needed to clarify the mechanisms involved
and validate the findings.

INTRODUCTION

Viticulture represents a significant sector
within the global food and beverage industry,
with vineyards producing approximately 77.8
million tons of grapes annually (1). This large-
scale production generates a considerable
amount of by-products, estimated to range
between 15 and 37 million tons per year (2).
These organic residues, which arise during
various stages of grape cultivation and
winemaking, include grapevine stalks, pomace,
and prunings. Among these, grapevine prunings
represent a significant source of biomass, as
they result from essential vineyard management
practices aimed at maintaining vine health and
optimizing grape quality and yield (1, 2).
Pruning is performed twice annually, in winter
and summer, and is crucial for balancing
vegetative growth and fruit production. This
process generates approximately two to five
tons of pruning residues per hectare, depending
on factors such as grape variety, climate, and
plantation density (3, 4). Specifically, winter
pruning results in the generation of large
quantities of woody residues, including stems,
shoots, and canes (4, 5). Traditionally, these
residues are either left in the field or incinerated,
which entails high costs and presents serious
environmental and public health concerns (2).
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These practices contribute to greenhouse gas
emissions, degradation of soil and water
quality, and the spread of disease-carrying
vectors (1, 2, 6). Given these concerns, there is
an urgent need to explore sustainable
alternatives for managing grapevine pruning
waste.

A promising approach for managing
woody grapevine prunings is their conversion
into biochar (BC) (6). Biochar is a carbon-rich
material that is produced through pyrolysis,
which is a thermal decomposition process that
occurs in an oxygen-limited environment (2).
Woody grapevine prunings contain
lignocellulosic compounds, including lignin,
cellulose, and hemicellulose. The pyrolysis of
these compounds results in the formation of BC,
along with bio-oil and non-condensable gases
(7). This process offers a cost-effective and
environmentally sustainable waste management
solution, aligning with circular economy
principles by converting organic waste to
valuable products that can be reintegrated into
crop cultivation systems (2, 6, 8).

Biochar is widely used as a soil amendment
due to its unique physicochemical properties,
including high porosity, large surface area, and
strong metal sorption capacity. These
characteristics contribute to improved soil
structure, enhanced water and nutrient
retention, increased aeration, and greater
microbial activity, ultimately supporting plant
growth and increasing crop yields (8, 9).
Additionally, BC reduces the reliance on
chemical fertilizers and pesticides, thereby
promoting more sustainable agricultural
practices (10). Despite its benefits, the exact
mechanisms by which BC enhances plant
growth are not yet fully understood due to the
complexity of its physicochemical properties
(11).

In addition to enhancing soil quality, BC
can contribute to positive environmental
outcomes. As a stable form of carbon, BC can
sequester carbon dioxide (CO;) in soils for
centuries, thereby serving as a valuable tool for
climate change mitigation (6, 12). Additionally,
BC’s high adsorption capacity enables the
capture of pollutants, such as heavy metals and
organic contaminants, thereby contributing to
the remediation of soil and water (13).
However, the physicochemical properties of
BC, which determine its effectiveness, vary
depending on several factors, including
feedstock type and pyrolysis conditions, such as
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temperature and residence time. For instance,
BC produced at lower temperatures has been
shown to retain more nutrients and organic
compounds, while BC produced at higher
temperatures exhibits greater stability and
surface area (2, 8).

Several mechanisms have been proposed to
elucidate the plant growth-promoting effects of
BC. One hypothesis suggests that BC releases
hormone-like organic compounds formed
during pyrolysis, which may activate signaling
pathways associated with plant growth (11, 14,
15). Among these compounds, karrikins have
recently been identified as chemical signals that
stimulate seed germination and regulate plant
development (16). However, further research is
necessary to fully elucidate the effects of BC on
plant growth signaling pathways and its broader
impact on plant performance.

Another potential mechanism through
which BC exerts its effects involves improved
photosynthetic efficiency (11). By enhancing
soil water retention, nutrient availability, and
root development, BC can contribute to
increased stomatal conductance, transpiration,
and chlorophyll content, ultimately boosting
photosynthetic rates (17). Several studies
indicate that BC application positively
influences photosynthetic parameters such as
chlorophyll fluorescence, stomatal
conductance, and quantum efficiency (17, 18).
However, some studies report neutral or
negative effects, underscoring the need for
further research to clarify BC’s role in
photosynthesis and plant growth (17).

Beyond its role in promoting plant growth,
BC has the potential to improve plant tolerance
to abiotic stressors that are exacerbated by
climate change (8). Climate change presents a
significant global challenge, as it poses severe
threats to agricultural productivity and food
security. These threats are a result of rising
atmospheric CO, levels, increasing
temperatures, shifting precipitation patterns,
and a higher frequency of extreme weather
events (8, 19). Among these factors, rising
global temperatures, projected to increase by
approximately 0.3 °C per decade, represent a
major concern, as this leads to more frequent
and intense heat waves that place pressure on
agricultural resilience (19). As a result, heat
stress has emerged as a critical abiotic stressor
that disrupts physiological processes essential
for plant growth and development. Given their
dependence on ambient conditions, plants are
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especially vulnerable to such temperature
extremes, highlighting the urgency of strategies
that improve heat stress tolerance (20, 21).
Heat stress occurs when plants are exposed
to elevated temperatures for extended periods,
impairing essential physiological functions. A
primary consequence of heat stress is the
excessive production of reactive oxygen species
(ROS), including hydrogen peroxide (H.O,),
superoxide (O>"), and hydroxyl radicals ("OH)
(21-23). The generation of these molecules
occurs through wvarious cellular pathways,
including NADPH oxidases (22). While ROS
function as signaling molecules in stress
response pathways when present in moderate
concentrations, their excessive accumulation
induces oxidative stress, leading to damage of
critical cellular components such as DNA,
proteins, and lipids (21, 22). Heat stress-
induced ROS accumulation also activates heat
shock transcription factors (HSFs), which
regulate the production of heat shock proteins
(HSPs). These proteins are critical for
protecting and stabilizing cellular proteins
during stress (22). To counteract oxidative
stress, plants have evolved antioxidant defense
systems. These include enzymatic antioxidants,
such as superoxide dismutase, catalase, and
peroxidase, as well as non-enzymatic
antioxidants, such as glutathione (20, 21). These
defense systems scavenge ROS and help to
restore cellular redox homeostasis. However,
prolonged or intensified heat stress can
overwhelm these defense systems, leading to
severe physiological damage and significant
yield losses. This is an increasingly critical issue
for modern agricultural systems (21, 22).
Biochar has emerged as a promising
strategy to enhance plant resilience against heat
stress by modulating antioxidant responses.
Studies indicate that BC amendments can
stimulate the activity of key antioxidant
enzymes, thereby enabling plants to regulate
ROS levels more effectively under high-
temperature conditions (12, 24). For instance,
studies on Arabidopsis thaliana indicate that the
application of BC induces early acclimation
responses, thereby improving heat tolerance
(24). Similarly, rice (Oryza sativa) plants
supplemented with BC exhibited increased
expression of antioxidant enzymes, which
mitigated the detrimental effects of heat stress
and supported overall plant growth (12).
Despite these promising findings, the exact
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mechanisms underlying BC-induced heat stress
tolerance remain largely unexplored.

Although BC offers numerous advantages,
its application can also have adverse effects on
plant growth under certain conditions. Biochar
may contain toxic compounds, such as
polycyclic aromatic hydrocarbons (PAHs),
which can accumulate on the surface of BC
during pyrolysis (25). Furthermore, certain BCs
have been found to release harmful substances,
including heavy metals and organic pollutants,
into the soil, potentially inhibiting plant
development (26, 27). Additionally, BC’s
alkaline nature can disrupt soil chemistry,
leading to osmotic stress and nutrient
imbalances in acidophilic plant species. In order
to mitigate the aforementioned risks, a proposed
solution involves the leaching of the pristine BC
with water as a pre-treatment. This process is
intended to lower the pH of BC and remove
harmful compounds, thereby improving its
safety and efficacy as a soil amendment (27).

Despite the potential presence of harmful
substances, biochar aqueous extract (BCE)
emerges as a valuable by-product arising from
this pretreatment process. This extract contains
the water-soluble fraction of BC, including
hormone-like substances and nutrients, which
can directly affect plant physiology (11).
However, it is often discarded as a waste
product. Recent studies suggest that BCE is one
of the most promising BC-derived fractions for
promoting plant growth due to its direct
biological effects on plants. For instance, the
application of straw-derived BCE has been
demonstrated to stimulate the growth of maize
(Zea mays) (11), and in another study, BCE
derived from residual wood was found to
stimulate seed germination in lettuce (Lactuca
sativa) (28). Furthermore, the utilization of
BCE facilitates the investigation of BC’s
biological effects without interference from its
complex physicochemical properties.
Following the leaching process, the washed BC
remains a valuable soil amendment, and the
resulting aqueous extract offers additional
potential as a plant growth stimulator. The
utilization of both BC and BCE is an effective
strategy for reducing waste, thereby aligning
with the principles of a circular economy.

Although BCE has demonstrated the
potential to promote plant growth, no studies
have investigated its ability to improve heat
stress resilience in plants, regardless of the type
of BC feedstock used. A study reported that the



application of rice husk-derived BCE enhanced
the cold stress tolerance of rice seedlings (29),
suggesting that BCE may contribute to
increased resilience under other abiotic stress
conditions as well. Several studies have
examined the positive effects of BC on plant
growth and heat stress resilience. However, to
the best of our knowledge, no research has
examined the effects of BC derived specifically
from grapevine prunings. Additionally, the
mechanisms through which BC promotes plant
growth and enhances heat stress tolerance are
not fully understood, particularly with regard to
the modulation of photosynthesis and
antioxidant responses. Therefore, this study
aims to investigate whether and how grapevine
pruning-derived BC and its aqueous extract
promote plant growth and alleviate heat stress
in Arabidopsis thaliana seedlings.

We hypothesize that BC and BCE enhance
seedling growth by improving photosynthetic
efficiency and increase seedling resilience
under heat stress by activating antioxidant
defense mechanisms in Arabidopsis thaliana.

To test this hypothesis, different
concentrations of BC and BCE are applied
separately to A. thaliana seedlings grown in a
96-well growth system under both control and
heat stress conditions. The effects on plant
growth are evaluated by measuring biometric
growth parameters, analyzing cell cycle
dynamics, monitoring photosynthetic
performance through non-destructive imaging
and chlorophyll measurements, and assessing
the expression of photosynthesis- and oxidative
stress-related genes. In addition, alterations in
the physicochemical properties of the plant
growth medium following BC application are
assessed. This approach enables us to gain
insight into the underlying physiological and
molecular responses under both control and
heat stress conditions. To validate these
findings in an economically relevant crop, we
also examined the plant growth-promoting
potential of BC and BCE in broccoli
microgreens (Brassica oleracea var. cymose).

EXPERIMENTAL PROCEDURES

BC production and characterization —
Woody winter prunings from Chardonnay
grapevines were shredded in an SM100 mill
(Retsch) over a 1 x 1 cm sieve and subsequently
oven-dried at 60 °C until constant weight. The
dried material underwent pyrolysis in a pilot-
scale rotary kiln reactor at 450 °C. Following
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pyrolysis, the BC was outgassed at 105 °C for
24 hours to remove volatile PAHs. The resulting
biochar was ground into a fine powder using a
Mixer Mill MM 400 (Retsch). Biochar extract
[5% (w/v)] was prepared by shaking BC for 24
hours at 100 rpm in sterile Milli-Q water,
followed by filtration through a 0.45 pm
membrane filter. Biochar was characterized in
terms of its elemental composition, ash content,
and yield. The pH and electrical conductivity
(EC) were measured in BCE, as BC has to
undergo the same 24-hour shaking process at
100 rpm before pH and EC measurements. pH
and EC measurements were performed using a
764 Multi-Calimatic pH meter (Knick) and a
conductivity = meter  (Mettler  Toledo),
respectively. All analyses were performed in
triplicate.

A. thaliana growth experiment — Wild-type
A. thaliana seeds were surface-sterilized with
70% ethanol and stratified at 4 °C in the dark for
three nights. The seeds were subsequently sown
in 96-well plates containing " Murashige and
Skoog (MS) medium supplemented with BC or
BCE at concentrations of 0%, 0.05%, 0.1%,
0.25%, or 0.5% (w/v). Afterward, the plates
were placed in a climate-controlled chamber
with a 12h photoperiod, a 22/18 °C day/night
temperature cycle, 65% relative humidity, and
170 umol m2 s™! photosynthetic active radiation
(PAR). In a separate experiment under identical
growth  conditions, the medium was
supplemented with 0%, 0.05%, 0.1%, or 0.25%
(w/v) BC or BCE, and seedlings were subjected
to heat stress (40 °C for 2 hours) in a VWR
Incu-Line Tower oven at 4 DAS. Control
seedlings underwent a mock treatment at 22 °C
for 2 hours. Seedlings were harvested at 7 and
10 days after sowing (DAS). Root length was
measured at both 7 and 10 DAS, and fresh
weight was recorded at 10 DAS. After harvest,
seedlings were snap-frozen in liquid nitrogen
and stored at -80 °C until further analysis.

Nutrient leaching experiment — To mimic
BC’s behavior during the growth experiment,
¥4 MS medium was supplemented with 0%,
0.05%, 0.1%, 0.25%, or 0.5% (w/v) BC. The
samples were placed in a climate-controlled
chamber  with  identical environmental
conditions as the A. thaliana growth
experiment. After 7 days, the medium was
filtered through a 0.2 pm membrane filter. The
pH and EC were measured on the filtrate. A
subsample of each filtrate was acidified with
2% (v/v) HCl, and nutrient concentrations were



determined using inductively coupled plasma
optical emission spectrometry (ICP-OES)
(Perkin Elmer Optima 8300). All measurements
were performed in triplicate.

Cell cycle analysis — To determine the
extent of endoreplication, nuclear ploidy levels
were measured using the CyStain® PI Absolute
P kit (Sysmex Partec). Four pooled seedlings
per biological replicate were chopped in 250 puL
nuclei extraction buffer (CyStain® PI Absolute
P kit, Sysmex Partec). The extract was filtered
through a 50 pm nylon filter (CellTrics®,
Sysmex Partec) and stained with a staining
solution consisting of 1 mL staining buffer,
6 pL propidium iodide (PI), and 3 uL RNase A
(CyStain® PI Absolute P kit). After staining,
samples were incubated in the dark at 4 °C for a
minimum of 1 hour. Ploidy levels (2C, 4C, 8C,
16C, and 32C, with C corresponding to the
haploid DNA content) for a minimum of 8000
nuclei per sample were analyzed using a
CyFlow® Cube 8 flow cytometer (Sysmex
Partec). Nuclei were excited at 488 nm, and
forward scatter and PI fluorescence intensity
(FL-2 channel, 580/30 nm) were measured.
DNA content was quantified using FCS Express
5 software (De Novo Software). The
endoreplication index (Ely), indicating the
average number of endocycles per cell, was
calculated as follows: Elp = [(0 x % 2C) + (1 x
% 4C)+(2x % 8C)+ (B3 x % 16C) + (4 x %
32C)] / 100 (30). Additional endoreplication
indices for plant growth (Elgown) and defense
(Eldefense) Were calculated according to Cuypers
et al. (31). The extent of cell division was
estimated based on the concentration of nuclei
in the flow cytometric extracts.

Multispectral imaging — Multispectral
imaging was performed daily using the
PlantExplorer XS (PhenoVation) to monitor
photosynthetic efficiency in real-time from 4 to
7 DAS. Seedlings were dark-adapted for 15 min
before measurements. Minimal fluorescence
(Fo) was recorded when all photosystem II
(PSII) reaction centers were open, whereas
maximal fluorescence (Fn) was measured
following a saturating light pulse when reaction
centers were closed. The difference between Fy,
and Fo gives the variable fluorescence (Fv). The
maximum quantum efficiency of PSII was
calculated as Fy/Fm = (Fm - Fo)/Fm (32). The
photosynthetic parameter was quantified using
Data Analysis™ software version 5.8.4-64b
(PhenoVation). The mask level was set to 2000
at 4 DAS and to 3000 at 5 to 7 DAS based on
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chlorophyll ~ fluorescence to  eliminate
background signal.

Pigment profiling — A pool of six seedlings
(minimum 20 mg) per biological replicate was
pulverized under frozen conditions using two
stainless steel beads in a Mixer Mill MM 400
(Retsch). Photosynthetic pigments (chlorophyll
a, chlorophyll b, and carotenes) were extracted
in 80% acetone. After centrifugation (6000 rpm,
5 min), the absorbance of the supernatant was
measured spectrophotometrically at 470 nm,
646 nm, and 663 nm with a plate reader
(FLUOstar Omega). Pigment concentrations
were calculated according to the formulae of
Wellburn and Lichtenthaler (33).

Gene expression analysis — A pool of ten
seedlings was pulverized under frozen
conditions using two stainless steel beads in a
Mixer Mill MM 400 (Retsch). RNA extraction
was performed according to Valledor et al. (34),
with a few modifications. These included the
addition of 100 pL of Pellet Solubilization
Buffer to each sample and the adjustments to
wash buffer 1 (1 M TrisHCI, 1 M NaCl, 10 mM
EDTA, 90% ethanol) and wash buffer 2 (1 M
TrisHCI, 1 M NaCl, 10 mM EDTA, 70%
ethanol). RNA concentration and purity were
determined using the NanoDrop® ND-1000
spectrophotometer (Ambion, Thermo Fisher
Scientific). The TURBO DNA-free™ Kit
(Thermo Fisher Scientific) was used to remove
any residual genomic DNA. For cDNA
synthesis using the PrimeScript™ RT Reagent
Kit (Perfect Real Time, Takara Bio Inc.), an
equal input of 1 pg RNA was used for each
sample. The resulting cDNA was diluted
tenfold in 1/10 TE buffer (1 mM Tris-HCI,
0.1 mM EDTA, pH 8.0) and stored at -20 °C.
The QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific) was used to conduct
quantitative real-time PCR (qPCR) with the
QuantiNova SYBR Green PCR Kit (Qiagen)
according to the manufacturer’s instructions.
The sequences of the used forward and reverse
primers (300 nM final concentration) are listed
in Table S1. Data were analyzed using the
comparative Cq (2724“9) method. Normalization
was performed with a normalization factor
based on five stably expressed reference genes,
selected using the GrayNorm algorithm (35). To
correct for technical variation between runs, an
inter-run calibration was performed according
to the method of Hellemans et al. (36).

Broccoli  microgreen  experiment —
Broccoli microgreen seeds (Brassica oleracea
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var. cymosa) were sown at a density of 2.2 g
seeds/132 cm? in trays on 20 g of substrate, with
the seeds evenly distributed across nine equal
sections within each tray. The used substrate
consisted of dried miscanthus fibers (< 4 mm).
Biochar or BCE was added to the substrate at
concentrations of 0.5%, 1%, or 1.5% (w/v) by
dissolving it in 100 mL of MilliQ water. The
resulting solution was mixed with the substrate,
and the wetted mixture was homogenized
before sowing. Afterward, the sown trays were
covered on top with trays that had a total weight
of 300 g. This was done to stimulate
germination under dark conditions in a climate-
controlled chamber with identical
environmental conditions as the A. thaliana
growth experiment. The cover trays were
removed at 3 DAS. From 3 DAS onward, the
trays were watered daily back to their initial
weight. At 6 DAS, seedling fresh weight was
measured by cutting the germinated
microgreens right above the substrate surface.

Statistical analysis — All data were
normalized using a normalization factor to align
baseline values between the control and heat
stress experiments. Statistical analyses were
conducted using RStudio version
2024.04.02+764 (R Core Team). Significant
outliers were identified using Grubb’s test
(GraphPad Software) and removed from the
analysis. Normality and homoscedasticity were
checked using the Shapiro-Wilk and Bartlett’s
tests, respectively. A one- or two-way analysis
of variance (ANOVA) was used to compare
conditions, followed by Tukey’s honestly
significant difference (HSD) post-hoc test for
pairwise comparisons. If the assumptions of
normality and homoscedasticity were not met
after data transformation (logarithmic, square
root, inverse, or exponential), a non-parametric
Kruskal-Wallis test was used instead, followed
by the Wilcoxon rank sum test for pairwise
comparisons. Gene expression data were log-
transformed by default. The significance level
was set at 0.05 for all tests.

RESULTS

Differences in nutrient content between BC
and BCE — The yield of BC was 26%, with an
ash content of 11% (Table S2). Elemental
analysis revealed that BC exhibited a high
carbon content (71.7% + 1.0). It also contained
hydrogen (3.10% =+ 0.04) and nitrogen (1.19%
+ 0.02). Biochar was abundant in the
macronutrients magnesium, calcium, and
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potassium, while phosphorus and sulfur were
present in lower concentrations (Table S3).
Among micronutrients, sodium, iron, and zinc
were most abundant, whereas manganese and
copper were present in smaller amounts. Levels
of potential toxic elements (PTEs) were below
the detection limit, except for chromium
(13.72 £0.12).

BCE (5% w/v) contained 183 mg/L of non-
purgeable organic carbon and 2.1 mg/L of total
nitrogen (Table S2). Compared to BC, BCE
contained lower concentrations of extracted
nutrients. Potassium, sulfur, calcium, and
magnesium were the most prevalent
macronutrients (Table S4). Sodium was the
most abundant micronutrient, while iron was
detected in smaller amounts. All other
micronutrients, as well as PTE levels, were
below detection limits. Biochar and BCE had a
pH of 9.03 (£ 0.28) and an EC of 1608 (+ 20)
uS/cm (Table S2).

BC alters physicochemical properties of
the growth medium — A BC leaching analysis in
¥4 MS medium was conducted to assess the
impact of BC on nutrient availability. Potassium
was the most abundant macronutrient,
increasing from 155.24 (= 0.27) mg/L in the
control medium to 223.12 (+ 0.37) mg/L at
0.5% BC (Table 1). Concentration-dependent
increases in other macronutrients, including
calcium, sulfur, phosphorus, and magnesium,
were also observed, following potassium in
order of abundance. Among the micronutrients,
sodium exhibited the highest concentration,
increasing from 1.75 (+ 0.01) mg/L in the
control medium to 4.05 (= 0.03) mg/L at 0.5%
BC. In contrast, concentrations of manganese,
iron, and zinc decreased with increasing BC
concentrations. Copper levels remained below
detection limits across all growth media. With
respect to PTEs, cadmium was detected in low
concentrations, increasing from 0.003 (+ 0.001)
mg/L in the control medium to 0.015 (£ 0.001)
mg/L at 0.5% BC. In addition to alterations in
nutrient composition, both the EC and pH of the
medium  increased  with  higher BC
concentrations. The EC increased from 1629.0
(£ 0.9) uS/cm in the control to 1846.4 (+ 3.2)
puS/cm at 0.5% BC, while the pH increased from
5.31 (£0.06) to 8.42 (£ 0.01).

BC stimulates seedling growth in a
concentration-dependent manner — To evaluate
the effects of BC and BCE on seedling growth,
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Table 1 — Nutrient concentrations of BC in the growth media after 7 days of leaching.

BC concentration (%)

Element 0 0.05 0.10 0.25 0.50
Macronutrients
Ca 22.68+0.07 2991+040 33.87+£0.56 3448+1.87 36.28+1.50
K 15524+ 027 160.67£0.13 168.43+0.59 189.40+0.71 223.12+0.37
Mg 6.48 £ 0.02 7.25+0.02 7.96 +0.07 9.79+0.34 11.42+£0.22
P 9.66 + 0.08 9.94 +0.22 10.18 £0.64 12.82+0.79 12.10+0.50
S 11.01+£0.01 11.00£0.07 11.12+0.04 11.88+0.09 12.75+0.02
Micronutrients
Fe 0.87 £ 0.01 0.79 £0.02 0.72 +£0.01 0.51+£0.08 0.25+0.01
Mn 1.042+0.003 0.964 +0.020 0.800+0.029 0.598+0.078 0.378 £ 0.006
Na 1.75+£0.01 2.04 +£0.01 2.31+0.02 2.99+0.02 4.05+0.03
Zn 0.343+0.002 0.315+0.001 0.279+£0.002 0.270+0.022 0.226 +0.007
PTEs
Cd 0.003+0.001 0.004=+0.001 0.009+0.001 0.014+0.001 0.015+0.001
Characteristics
EC (uS/cm) 1629.0+£0.9 1664754 1691.0+3.7 1762.0+3.7 1846.4+3.2
pH 5.31 £0.06 6.97 £ 0.05 7.52+0.02 8.01 £0.05 8.42+0.01

Data are presented as mean + SE (mg/L) of at least 3 biological replicates. Abbreviations: Ca, calcium; Cd,
cadmium; Cu, copper; Fe, iron; K, potassium; Mg, magnesium; Mn, manganese; Na, sodium; P, phosphorus; S,
sulfur; Zn, zinc; BC, biochar; EC: electrical conductivity; PTEs: potential toxic elements.

A. thaliana seeds were subjected to varying
concentrations of BC and BCE under both
control and heat stress conditions. At 7 DAS,
BC induced a concentration-dependent increase
in root length. Under control conditions,
significant increases in root length were
observed at 0.05% and 0.10% BC compared to
0% BC under control conditions (hereafter
referred to as NHC) (Fig. 1A). This growth-
promoting effect declined at 0.25% BC but
remained above NHC. Under heat stress
conditions, a similar pattern was observed. Root
length was significantly increased at 0.05% and
0.10% BC compared to 0% BC under heat stress
conditions (hereafter referred to as HC). The
effect diminished at 0.25% BC but remained
above HC. Root length was reduced under heat
stress when compared to control conditions at
the same BC concentration. However, these
differences were not statistically significant.
Furthermore, a significant overall effect of heat
stress was observed on root length (p < 0.001).
In contrast, BCE had a neutral or slightly
negative effect on root length under control
conditions (Fig. 1B), with no significant
differences observed at any concentration
compared to NHC. Under heat stress, BCE
exhibited neutral or slightly positive effects on
root length compared to HC, but none of the
BCE concentrations induced significant

changes. Furthermore, no overall effect of heat
stress was observed in seedlings treated with
BCE (p = 0.35).

At 10 DAS, the concentration-dependent
stimulatory effect of BC on root growth
persisted (Fig. 1C). Under control conditions,
seedlings treated with all BC concentrations
exhibited significantly longer roots compared to
NHC. Under heat stress, a similar
concentration-dependent increase in root length
was observed compared to HC. However, root
length under heat stress was lower than under
control conditions at the same BC
concentrations, with a significant reduction
observed at 0.10% BC. Furthermore, a
significant overall heat stress effect was
detected (p < 0.001). Conversely, at 10 DAS,
BCE continued to have no significant effect on
root length under either control or heat stress
conditions, with no BCE concentration showing
significant differences compared to 0% BCE
(Fig. 1D).

In addition to root length, seedling fresh
weight increased in a concentration-dependent
manner following BC exposure under both
control and heat stress conditions, with a
maximum increase observed at 0.25% BC (Fig.
1E). Under control conditions, fresh weight
increased significantly at 0.10% and 0.25% BC
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Fig. 1 — Relative root length and fresh weight of Arabidopsis thaliana seedlings. Seedlings were grown under
control conditions or subjected to heat stress (40 °C for 2 h at 4 DAS) in 96-well plates containing %4 MS
medium supplemented with different concentrations of BC or BCE (0%, 0.05%, 0.10%, or 0.25%). Relative
root length of seedlings exposed to BC and BCE was measured at 7 DAS (A-B) and 10 DAS (C-D), and relative
fresh weight at 10 DAS (E-F). Data are presented as mean + SE of at least 7 biological replicates relative to 0% BC
under control conditions (set to 1.00). Different letters denote statistically significant differences (two-way ANOVA;
p <0.05). Abbreviations: BC, biochar; BCE, biochar extract; DAS, days after sowing.

compared to NHC. However, the stimulatory
effect on fresh weight declined at 0.5% BC but
remained above NHC (data not shown). Under
heat stress conditions, fresh weight was
significantly increased at all BC concentrations
compared to HC. Furthermore, no overall effect

of heat stress was observed (p = 0.36). In
contrast, BCE showed neutral or negative
effects on fresh weight (Fig. 1F). Under control
conditions, all BCE caused a significant
decrease in fresh weight compared to NHC.
Under heat stress, only 0.05% BCE caused a
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significant reduction in fresh weight compared
to HC, whereas 0.10% and 0.25% BCE had no
statistically significant effect. At higher BCE
concentrations, fresh weights were slightly
increased under heat stress compared to control
conditions, with a significant increase observed
at 0.10% BCE.

Cell division and endoreplication are
minimally affected by BC — Flow cytometric
analysis of nuclear DNA content was conducted
to investigate the cellular mechanisms
underlying BC-induced growth responses, with
a focus on cell division and endoreplication.
Under control conditions, increasing BC
concentrations resulted in a gradual decrease in
the number of nuclei per puL of flow cytometric
extract compared to NHC (Fig. 2A). However,
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this decrease was not statistically significant
except at 0.25% BC, which showed a significant
reduction compared to NHC. Under heat stress
conditions, an increase in the number of nuclei
per uL was observed at 0.05% BC compared to
HC, but this effect was not statistically
significant and diminished at higher BC
concentrations. Additionally, a significant
decrease in nuclei numbers per pL extract was
observed at 0% BC under heat stress compared
to NHC.

The endoreplication index (Elp) was
significantly reduced following exposure to
0.05% and 0.10% BC compared to NHC (Fig.
2B). At 0.25% BC under control conditions, Ely
was not statistically different compared to
NHC. Under heat stress, a decline in Ely was
observed at all BC concentrations compared to
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Fig. 2 — Relative endoreplication indices and nuclei number per pL of flow cytometry extracts from
Arabidopsis thaliana seedlings at 7 DAS. Seedlings were grown under control conditions or subjected to heat
stress (40 °C for 2 h at 4 DAS) in 96-well plates containing 4 MS medium supplemented with different BC
concentrations (0%, 0.05%, 0.10%, or 0.25%). Relative nuclei number per pL (A), endoreplication factor (B),
growth index (C), and defense index (D) of seedlings exposed to BC. Data are presented as mean + SE of at least 6
biological replicates relative to 0% BC under control conditions (set to 1.00). Different letters denote statistically
significant differences (two-way ANOVA, Kruskal-Wallis test (A, B); p <0.05). Abbreviations: BC, biochar; DAS,

days after sowing; EI, endoreplication index.



HC, although these changes were not
statistically ~ significant.  Furthermore, a
significant interaction effect between BC
concentration and temperature condition on
endoreplication was detected (p = 0.007).

To further elucidate these dynamics, the
growth index (Elgown) and defense index
(Eldetense) Were analyzed under both control and
heat stress conditions. The growth and defense
indices showed opposite trends in response to
BC under both control and heat stress
conditions. However, no statistically significant
effects were detected. Under control conditions,
Elgown showed a decrease at all BC
concentrations compared to NHC, with the
strongest reduction observed at 0.05% BC,
followed by 0.10% and 0.25% BC (Fig. 2C). In
contrast, Eldefense increased slightly at 0.05% and
0.25% BC compared to NHC while remaining
unchanged at 0.10% BC (Fig. 2D). Under heat
stress, Elgrown remained stable across all BC
concentrations compared to HC. Elgefense
showed a slight decline at 0.05% and 0.10% BC
compared to HC, followed by a minor increase
at 0.25% BC. Additionally, a decrease in Elgrowin
and a slight increase in Elgerense Were observed at
0% BC under heat stress compared to NHC.
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However, these differences were not
statistically significant.

BC enhances PSII efficiency with limited
impact on pigment composition — The impact of
BC on photosynthetic efficiency was assessed
by measuring the maximum quantum yield of
PSII (Fy/Fi) from 4 to 7 DAS using MSI. Under
control conditions, F./F, was significantly
higher in all BC-treated seedlings compared to
NHC on all measured days (Fig. 3). Under heat
stress, F./Fn increased in a concentration-
dependent manner compared to HC across all
measured days, reaching a maximum at 0.25%
BC. However, the increase observed at 0.05%
BC was not statistically significant compared to
HC. Under both control and heat stress
conditions, the most pronounced increase in
photosynthetic efficiency compared to the
respective 0% BC was observed at 4 DAS.

The effects of BC concentrations on total
chlorophyll (chlorophyll a + b) and carotene
content in A. thaliana were evaluated under
control conditions. Total chlorophyll content
was not significantly affected by any BC
concentration compared to 0% BC
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Fig. 3 — Relative maximum PSII quantum efficiency (Fv/Fm) of Arabidopsis thaliana seedlings from 4 to 7
DAS. Seedlings were grown under control conditions (blue bars) or subjected to heat stress (40 °C for 2
h at 4 DAS; grey bars) in 96-well plates containing 4 MS medium supplemented with different BC
concentrations (0%, 0.05%, 0.10%, or 0.25%). Data are presented as mean + SE of at least 39 biological
replicates for 4 DAS and at least 73 for 5 to 7 DAS, relative to 0% BC under control conditions (set to 1.00).
Different letters denote statistically significant differences independently for each DAS (two-way ANOVA;
p <0.05). Abbreviations: BC, biochar; DAS, days after sowing.
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Fig. 4 — Relative photosynthetic pigment levels in Arabidopsis thaliana seedlings at 10 DAS. Seedlings were
grown under control conditions in 96-well plates containing s MS medium supplemented with different BC
concentrations (0%, 0.05%, 0.10%, or 0.25%). Relative total chlorophyll (A) and carotene content (B) of
seedlings exposed to BC. Data are presented as mean + SE of at least 5 biological replicates relative to 0% BC (set
to 1.00). Different letters denote statistically significant differences (one-way ANOVA (A), Kruskal-Wallis test

(B); p <0.05). Abbreviations: BC, biochar; DAS, days after sowing.

(Fig. 4A; chlorophyll a and b are shown in Fig.
S1). Furthermore, a significant decrease in
carotene content was observed at 0.25% BC,
while no significant differences were detected
at 0.05% and 0.10% BC compared to 0% BC
(Fig. 4B).

Expression of photosynthesis-related and
antioxidant genes altered by BC — To further
elucidate the molecular responses underlying
BC-induced growth effects, the expression of
oxidative stress-related and photosynthesis-
related genes was analyzed in A. thaliana
seedlings under both control and heat stress
conditions. Under control conditions, the
photomorphogenesis-related  gene  B-BOX
DOMAIN PROTEIN 16 (BBX16) and the
photosynthetic genes LIGHT-HARVESTING
CHLOROPHYLL A/B-BINDING PROTEIN 1.4
(LHCB1.4) and RIBULOSE BISPHOSPHATE
CARBOXYLASE SMALL CHAIN 3B (RBCS3B)
were significantly upregulated at 0.05% and
0.25% BC compared to NHC (Table 2). Under
heat stress conditions, all three genes were only
significantly induced at 0.25% BC compared to
HC. In addition, LHCBI.4 and RBCS3B showed
significantly lower expression levels at 0.05%
BC under heat stress compared to the same BC
concentration under control conditions.

Among the stress signaling genes, HEAT
SHOCK FACTOR A4A (HSFA4A) and WRKY
DNA BINDING PROTEIN 33 (WRKY33) were
significantly upregulated at 0.25% BC
compared to HC under heat stress conditions.
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Furthermore, HSFA4A4 also showed
significantly higher expression at 0.25% BC
under heat stress compared to the same BC
concentration under control conditions. No
significant changes were observed for
1-AMINOCYCLOPROPANE-1-CARBOXYLIC
ACID SYNTHASE 2 (ACS2) and OXIDATIVE
SIGNAL-INDUCIBLE 1 (OXI1) under either
control or heat stress conditions.

Regarding ROS scavenging genes,
CATALASE 1 (CATI) was significantly
downregulated at 0.05% and 0.25% BC
compared to NHC under control conditions, but
its expression remained unchanged under heat
stress. In contrast, CATALASE 3 (CAT3) was
significantly upregulated at 0.25% BC
compared to NHC under control conditions.
The superoxide dismutase genes CU/ZN
SUPEROXIDE DISMUTASE 1 (CSDI) and
CU/ZN SUPEROXIDE DISMUTASE 2 (CSD2)
were significantly induced at 0.25% BC
compared to 0% BC under both control and heat
stress conditions. However, expression of CSD2
at 0.25% BC was significantly lower under heat
stress compared to control conditions. Under
control conditions, the ROS-scavenging gene
ASCORBATE PEROXIDASE 2 (APX2) showed
a  concentration-dependent  decrease in
expression at all BC concentrations compared
to NHC. Under heat stress conditions, this
declining trend was also observed, with a
significant reduction at 0.25% BC compared to
HC. Furthermore, APX2 transcript levels were
strongly upregulated in response to heat stress,
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Table 2 — Expression patterns of photosynthesis- and oxidative stress-related genes in A. thaliana seedlings
at 7 DAS. Seedlings were grown under control conditions or subjected to heat stress (40 °C for 2 h at 4 DAS)
in 96-well plates containing 4 MS medium supplemented with different BC concentrations (0%, 0.05%, or
0.25%).

BC concentration (%)

Gene | Condition | 0 0.05 0.25
Photosynthesis- and photomorphogenesis-related genes
BBXI6 control 1.00 £ 0.04 1.57 £0.05 2.07 £0.11
heat 1.19 £ 0.08 1.36 =0.06 1.83 £0.13
control 1.00 £ 0.09 2.41+0.12 2.97 £0.06
LHCBI4 heat 1.1 0.06 0.61 = 0.01* 2.55+0.26
control 1.00 £0.07 1.54 £0.10 2.25+0.13
RBCS3B heat 1.21 £0.04 1.00 £ 0.04* 2.15+0.05
Stress signaling genes
4CS2 control 1.00 £ 0.02 0.90 £0.12 0.76 £0.07
heat 0.80+0.11 0.81 £0.04 0.93 £0.27
control 1.00 £ 0.06 0.86 +0.05 0.74 +£0.02
HSFA44 heat 0.74 £0.02 0.59 £0.02 1.12£0.18%
OXT] control 1.00 +0.05 0.76 = 0.01 0.69 +=0.01
heat 1.55 £0.61 0.90 £0.17 1.20£0.15
control 1.00 £ 0.06 0.79 £ 0.03 1.224+0.18
WRKY33 heat 0.66 +0.08 0.59 +0.05 1.83 £ 0.60
ROS scavenging genes
control 100007 |GGG
CATI heat 0.82 +0.07 0.93 £0.06 0.75+0.01
CAT3 control 1.00+£0.10 1.24 +0.16 1.53 £0.15
heat 0.83 +£0.07 1.00 + 0.05 1.08 £0.04
CSDI control 1.00 £0.07 1.84 £0.12 4.07 £0.31
heat 1.34 +£0.07 1.90 +£ 0.08 4.52+£0.31
CcSD2 control 1.00 £ 0.07 1.57 £0.12 3.41+0.26
heat 1.29 £ 0.07 1.75+£0.01 2.69 £ 0.06*
APX? control 1.00 +£0.15 0.52 +0.04 0.33 +0.05
heat 255.50 £9.76* 266.21 £+ 18.88*
GSHI control 1.00 £ 0.06 0.92 £0.08 0.92 £0.08
heat 0.88 +0.09 0.93 £0.04 1.00 +0.03
GSH? control 1.00 £ 0.01 0.89 +0.10 0.96 +0.08
heat 0.86 +0.03 0.85 £0.02 1.14 £0.10
ROS producing genes
control 1.00 £ 0.06 0.85 +£0.06 0.92+£0.10
RBOH-D heat 0.69 +0.03 0.67 £0.03 0.96 £0.12
control 1.00+0.12 0.71 £0.06 0.76 £ 0.08
RBOH-F heat 0.92 +0.03 0.82 £ 0.05 1.05+0.03
Heat stress responsive genes
control 1.00 £ 0.04 - —
HSP70-1 heat 0.74 £ 0.06* 0.93 +£0.04 0.95+£0.04
control 1.00 £0.03 — -
HSP90-1 heat 1.53 +0.16* 3.04+0.13 1.35+£0.18
control 1.00 +£0.02 — -
Hsp101 heat 1.63 + 0.23* 3.8540.16 1.73£0.19

Data are presented as mean normalized fold change + SE of 4 biological replicates under control conditions
and 3 under heat stress, relative to 0% BC under control conditions (set to 1.00). Colors indicate statistically
significant differences between the 0% BC and BC-treated seedlings under the same condition: green denotes
upregulation, and red denotes downregulation. A dash (-) indicates BC concentrations that were not measured.
Statistically significant differences between control and heat stress conditions at the same BC concentration are
indicated with an asterisk (*) (two-way ANOVA, one-way ANOVA (HSPs); p < 0.05). Abbreviations: ACS2,
1-aminocyclopropane-1-carboxylic acid synthase 2; APX2, ascorbate peroxidase 2; BBX16, B-box domain
protein 16; CAT1, catalase 1; CAT3, catalase 3; CSD1, Cu/Zn superoxide dismutase 1; CSD2, Cu/Zn superoxide
dismutase 2; GSH1, y-glutamate-cysteine ligase; GSH2, glutathione synthetase; HsfA444, heat shock factor A4A;
HSP101, heat shock protein 101; HSP70-1, heat shock protein 70.1; HSP90-1, heat shock protein 90.1;
LHCBI.4, light-harvesting chlorophyll a/b-binding protein 1.4; OXII, oxidative signal-inducible kinase 1;
RBOHD, respiratory burst oxidase homologue D; RBOHF, respiratory burst oxidase homologue F; RBCS3B,
ribulose bisphosphate carboxylase small chain 3B; WRKY33, WRKY DNA binding protein 33; BC, biochar;
DAS, days after sowing.
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with an increase of 226-fold at HC compared to
NHC. No significant changes in expression
were detected in the glutathione-related genes
I-GLUTAMATE-CYSTEINE LIGASE (GSHI)
and GLUTATHIONE SYNTHETASE (GSH2)
under either control or heat stress conditions.
Similarly, = the  ROS-producing  genes

RESPIRATORY BURST OXIDASE
HOMOLOGUE ~F  (RBOHF)  and
RESPIRATORY BURST OXIDASE

HOMOLOGUE D (RBOHD) were not
significantly affected by BC wunder both
conditions, although RBOHD showed slightly
lower expression at 0% and 0.05% BC under
heat stress compared to the same concentrations
under control conditions.

Finally, the expression of genes involved
in the heat shock response was modulated by
BC under heat stress. HEAT SHOCK PROTEIN
90.1 (HSP90-1) and HEAT SHOCK PROTEIN
101 (HSP101) were significantly upregulated at
0.05% BC under heat stress compared to HC.
Additionally, expression of these genes at 0%
BC under heat stress was significantly higher
compared to NHC. HEAT SHOCK PROTEIN
70.1 (HSP70-1) was significantly induced at
0.25% BC compared to HC under heat stress,
although its expression at 0.25% BC remained
lower compared to NHC.

BC and BCE increase fresh weight in
broccoli microgreens — To validate the effects
of BC and BCE on biometric growth
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parameters, broccoli microgreens  were
cultivated under control conditions, and fresh
weight was measured at 6 DAS. Exposure to 1%
BC resulted in a significantly higher fresh
weight compared to 0% BC (Fig. 5A). For BCE,
a significant increase in fresh weight was
observed at 0.5% BCE compared to 0% BCE,
while 1% BCE resulted in a non-significant
upward trend compared to 0% BCE (Fig. 5B).

DISCUSSION

The current study investigated the effects
of grapevine pruning-derived BC and BCE on
seedling growth and heat stress resilience in 4.
thaliana, with the aim of elucidating underlying
mechanisms behind these effects. Seedlings
were cultivated in 96-well plates and treated
with various concentrations of BC and BCE
under both control and heat stress conditions. In
addition to biometric growth measurements,
mechanistic insight was obtained by analyzing
BC-induced alterations in the physicochemical
properties of the growth medium, cell cycle
dynamics, photosynthetic efficiency, and the
expression of photosynthesis- and oxidative
stress-related genes.

BC promoted seedling growth under
control conditions — Grapevine pruning-derived
BC enhanced 4. thaliana seedling growth in a
concentration-dependent manner, with the
highest root length and fresh weight observed at
intermediate concentrations. This pattern is
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Fig. 5 — Relative fresh weight of broccoli microgreens (Brassica oleracea var. cymosa) at 6 DAS. Seedlings
were grown under control conditions in trays containing miscanthus mixed with different BC or BCE
concentrations (0%, 0.25%, 0.50%, or 1%). Relative fresh weight of seedlings exposed to BC (A) and BCE (B).
Data are presented as mean + SE of at least 8 biological replicates relative to 0% BC (set to 1.00). Different letters
denote statistically significant differences (one-way ANOVA; p <0.05). Abbreviations: BC, biochar; BCE, biochar
extract; DAS, days after sowing.
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consistent with previous studies using BC from
other feedstocks, which also reported the
highest growth responses at intermediate
concentrations in 4. thaliana seedlings (10, 37).
The concentration-dependent effect is likely at
least partly mediated by BC-induced alterations
to the physicochemical properties of the growth
medium. The leaching experiment revealed
increased EC, pH, and macronutrient levels, and
reduced micronutrient levels with increasing

BC concentrations. These findings are
consistent with those reported by Kunnen ef al.
(37), in which similar shifts in the

physicochemical properties of the growth
medium were observed following the
application of wheat-based BC. These
alterations may offer a potential explanation for
the diminishing growth-promoting effects
observed at higher BC concentrations. Elevated
EC and potassium levels have been shown to
induce mild osmotic stress in plants (38, 39),
and high pH can reduce nutrient solubility and
bioavailability (40). Additionally, the depletion
of essential micronutrients such as iron, zinc,
and manganese, which are crucial for enzymatic
activity and chlorophyll synthesis (41), could
further restrict growth. Together, these factors
may contribute to the decline in BC-induced
growth stimulation at higher concentrations.

In contrast, BCE exhibited neutral to
slightly negative effects on A. thaliana seedling
growth. This aligns with findings by Oh et al.
(28), in which wood-derived BCE had no
growth-promoting effect on lettuce seedlings.
However, their methodology differed from our
experiment, as higher extract concentrations
were applied and filter paper-based growing
assays were conducted. A similar absence of
growth-promoting effects was observed by
French and lyer-Pascuzzi (15), who reported
that BCE derived from a woody feedstock had
no effect on tomato (Solanum pennellii)
seedling growth. In contrast, a second BCE
derived from the same feedstock but produced
under different pyrolysis conditions did
stimulate growth (15), highlighting variability
in BCE’s effects. In our study, the absence of a
growth-promoting effect is likely indicative of
the absence of absorptive properties in BCE. In
contrast to solid BC, which gradually releases
nutrients over time, BCE contains only the
water-soluble fraction of BC and releases its
components immediately into the growth
medium. This underscores the critical role of
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BC’s absorptive characteristics in mediating its
plant growth-promoting effects (9).

A subsequent analysis of nuclear DNA
content revealed a decrease in the number of
nuclei per pL. flow cytometric extract at higher
BC concentrations, suggesting a reduction in
mitotic activity (30). Concurrently, lower BC
concentrations led to a decrease in the
endoreplication index, indicating that both cell
division and endoreplication are modulated in a
concentration-dependent manner. As
endoreplication involves genome duplication
without mitosis and leads to endopolyploidy, it
is often used as a proxy for plant stress
responses (30). Changes in the endoreplication
index may therefore reflect BC-induced stress
modulation. Together, these findings suggest
that BC influences two nuclear processes
essential for A. thaliana growth and
development (42). Although growth and
defense indices did not significantly differ
across BC concentrations, subtle shifts suggest
a minor reallocation of resources toward
defense (43). This contrasts with observations
by Lataf et al. (10), in which BC-induced shifts
toward growth investment were reported in A.
thaliana seedlings treated with manure- and
wood-derived BC. Furthermore, in their study a
clear alignment between biometric growth
parameters and growth/defense indices was
observed (10). In our study, such alignment
between biometric growth parameters and cell
cycle dynamics was not observed, which may
be due to differences in BC feedstock. This
absence of effect may also be indicative of
tissue-specific responses to BC (44) that are
obscured when entire seedlings are analyzed, as
proposed by Kunnen et al. (37).

All BC concentrations enhanced F./Fp
across all measured days, suggesting improved
PSII quantum efficiency. These findings are
consistent with those of previous studies
conducted on safflower (Carthamus tinctorius)
seedlings and mature alfalfa (Medicago sativa)
leaves (45, 46). This may be explained by BC-
induced stabilization of active PSII centers,
thereby enabling more efficient light energy
conversion by PSII (18, 47). However,
chlorophyll concentrations remained
unaffected, and carotene content decreased
following BC addition. An increase in
photosynthetic pigment levels following BC
amendment was observed in mature basil
(Ocimum basilicum) (48) and mature chickpea
(Cicer arietinum) (49). However, studying the
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effect of BC in lettuce, Christou et al. (50)
observed no effects, consistent with our
observations. These outcomes highlight the
variability in BC’s effects on photosynthesis
17).

Transcriptomic analysis revealed an
upregulation of several genes in BC-exposed
seedlings, including BBX16, LHCBI.4, and
RBCS3B, which are associated with
photomorphogenesis and photosynthesis. These
three genes have been linked to karrikin
signaling, which are smoke-derived compounds
that can  promote  germination  and
photomorphogenesis and can be found in BC
(16, 51). BBXI16 is influenced by the KAI2
signaling pathway (unpublished data from our
research group), which is essential for karrikin-
induced responses such as seed germination
(52). Furthermore, the LHCBI and RBCS genes
have previously been demonstrated to respond
to karrikin treatment in A. thaliana seedlings
(51). These findings suggest that grapevine
pruning-derived BC may release karrikins,
which activate these pathways and contribute to
growth promotion. However, the presence of
karrikins in grapevine pruning-derived BC
remains to be confirmed. In addition, BC
modulated the expression of antioxidant genes.
The upregulation of CSDI, CSD2, and CAT3,
along with the downregulation of CATI,
indicates a shift in HO, homeostasis. Given the
signaling role of H>O, in plant development
(53), these alterations are likely indicative of
regulated redox signaling rather than oxidative
stress. However, to confirm this, measurements
of oxidative stress markers and quantification of
H>0; would be necessary.

In order to assess the translational potential
of BC and BCE, their effects on broccoli
microgreens were evaluated. The application of
1% BC led to a significant increase in fresh
weight, thereby confirming that its growth-
promoting effect is not limited to A. thaliana
seedlings. Interestingly, BCE demonstrated a
growth-promoting effect in microgreens,
contrasting its neutral or slightly negative
effects in A. thaliana seedlings. This contrast
may be indicative of the role of the substrate.
Broccoli microgreens were cultivated on
shredded miscanthus, a fibrous material with
water-retentive and absorptive properties (54).
This substrate may have absorbed nutrients
from BCE and released them gradually,
mimicking the buffering capacity of solid BC.
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These findings suggest that the efficacy of BCE
may depend on substrate characteristics.

BC enhanced seedling resilience to mild
heat stress — Under heat stress conditions, BC
maintained its growth-promoting effect in a
concentration-dependent manner. This pattern
was consistent with previous findings in which
Phragmites karka plants also exhibited
concentration-dependent responses to BC
addition under drought stress (55). However, in
our study, while an overall heat stress effect was
observed in root length, this effect was not
observed in fresh weight at 10 DAS.
Furthermore, the negligible difference between
0% BC seedlings under control and heat stress
conditions suggests partial recovery. Heat stress
recovery is referred to as the ability of plants to
re-establish homeostasis after sublethal heat
exposure (56), which likely occurred following
our short-term treatment. Consequently, only
seedlings harvested at 7 DAS were used to
evaluate the effects of BC under heat stress. In
addition, BCE induced neutral to slightly
negative effects on seedling growth under heat
stress, similar to its effects under control
conditions. These results are likely attributable
to the lack of absorptive properties in BCE, as
discussed above.

Flow cytometric analysis revealed no
significant alterations in nuclear DNA content
or growth-defense indices across all BC
concentrations under heat stress conditions.
This suggests that BC does not enhance heat
stress resilience through alterations in cell
division or endoreplication. However, the
effects may again be obscured by measuring
entire seedlings. Additionally, no significant
differences were observed between control and
heat stress conditions either. This contrasts with
typical abiotic stress responses, in which shifts
in resource allocation from growth to defense
are frequently observed (30). Although heat
stress has been shown to alter endoreplication
during early kernel development in maize (57),
Namgung et al. (58) reported no significant
alterations in endoreplication in A. thaliana
leaves during the recovery phase following a
similar heat stress regime. This finding aligns
with our observations and suggests that the
seedlings may have already entered the
recovery phase at 7 DAS.

Multispectral imaging revealed that
increasing BC concentrations consistently led to
higher F./Fn, across all measured days under
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heat stress. This trend aligns with findings
reported by Chen et al. (59), in which BC
amendment under salt stress led to similar
concentration-dependent increases in F./Fy in
cabbage (Brassica oleracea) seedlings. Under
control conditions, no concentration-dependent
differences were observed, as PSII efficiency
was already near its physiological maximum
(~0.83) across all BC concentrations (32).
However, under heat stress conditions, this
maximum is not reached, likely due to PSII
becoming more susceptible to damage and
inaction by ROS. These accumulate due to
impaired electron transport and excess
excitation energy, thereby reducing PSII
efficiency (22). Although F./Fy, did not decline
under heat stress compared to control
conditions in the absence of BC, the observed
increase in F,/Fn at higher BC concentrations
may indicate a stabilizing effect on PSII (47).
These results suggest a potential role for BC in
maintaining PSII efficiency during mild heat
stress conditions.

At the gene expression level, heat stress
strongly induced APX2, a ROS-scavenging
gene that protects cells from oxidative damage
and enables effective recovery following heat
stress (56). Concurrently, the heat shock protein
genes HSP90.1 and HSP10] were upregulated,
consistent with their known prolonged
expression during the recovery phase (56).
These transcriptional responses indicate that the
seedlings experienced heat stress that was
physiologically relevant. Furthermore, under
heat stress conditions, BC also induced the
expression of BBX16, LHCBI.4, and RBCS3B.
As these genes are linked to karrikin signaling,
as described above, and the KA/2-dependent
pathway has been shown to enhance A. thaliana
stress tolerance (60), it is plausible that this
response may also be induced by karrikin,
which may be present in grapevine pruning-
derived BC. Furthermore, BC also increased the
expression of CSDI and CSD2, consistent with
previous studies reporting increased superoxide
dismutase activity (61) and enhanced
antioxidant enzyme activity (62) following BC
addition under stress conditions. In addition,
BC increased the expression of HSP70.1,
HSP90.1, and HSPI10! under heat stress
conditions. Similar effects were also reported
by Kutlu (62), who found that urban waste- and
manure-derived BCs enhanced HSP70 and
HSPY90 expression in maize plants, while
pruning-derived BC did not. This suggests that

16

Senior internship- 2" master BMW

the effect on heat-responsive gene expression
may vary depending on the BC feedstock.
Finally, the upregulation of HSFA44 and
WRKY33, both downstream of MAPK3/6 stress
signaling (63, 64), suggests that BC may
influence  MAPK-mediated oxidative stress
pathways, in addition to other stress-related and
photosynthesis-related gene expression
responses.

Limitations and future perspectives — It is
important to note that some findings from the
heat stress experiment should be interpreted
with caution, as the control and heat stress
experiments were conducted in separate
cultivation batches. Although normalization
was applied to enable comparison, residual
batch effects may have influenced the results.
Additionally, the extent of the applied heat
stress may not have been sufficiently intense. It
is plausible that seedlings had already entered
the recovery phase at 7 DAS, when analyses
were performed, thereby underestimating the
true impact of BC under heat stress conditions.
Furthermore, flow cytometric analysis revealed
no substantial differences between treatments
under either control or heat stress conditions.
Although subtle changes in some cell cycle
dynamics were detected, the extent of these
effects was less pronounced than expected
given the growth-promoting properties of BC.
The absence of these alterations may indicate
potential limitations or inconsistencies in the
flow cytometric measurements or subsequent
analysis. Assessing the expression of cell cycle-
related genes in future studies could help clarify
these observations.

To more accurately assess the effects of
BC under heat stress, future experiments should
apply more severe or repeated heat stress
treatments to avoid analyzing seedlings during
the recovery phase. Moreover, performing all
experiments within the same cultivation batch
will help minimize batch effects. Given the
observed effects on PSII efficiency, a broader
set of photosynthetic parameters and related
gene markers should be included in follow-up
studies to gain more mechanistic insight.
Additionally, chemical characterization of
grapevine pruning-derived BC may reveal
organic compounds, such as karrikins or other
hormone-like molecules, potentially
responsible for the observed effects. If such
compounds are identified, the use of signaling
mutants could help clarify the underlying
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pathways. Finally, BCE showed promising
growth-promoting effects in the broccoli
microgreen cultivation system, in contrast to its
neutral or negative effects in A. thaliana
seedlings. Future experiments using 4. thaliana
grown on solid or fibrous organic substrates
may uncover conditions that supports BCE’s
positive effects. In addition, assessing the
effects of BC and BCE on heat stress resilience
in broccoli microgreens is essential to evaluate
their translational potential to edible,
commercially relevant crops.

CONCLUSION

In conclusion, this study demonstrated that
grapevine pruning-derived BC promotes
seedling growth and enhances heat stress
resilience in A. thaliana. The consistent
enhancement of photosynthetic performance
following BC application suggests a key
mechanistic basis for its growth-promoting
effects. Under heat stress, BC further activated
antioxidant and stress signaling pathways,
indicating a role in redox-mediated stress
mitigation. In contrast, BCE exhibited more
variable effects, highlighting the importance of
cultivation conditions such as substrate
composition. Overall, these findings underscore
the potential of grapevine pruning-derived BC
as a sustainable tool to improve plant
performance under both control and stress
conditions, while offering mechanistic insight
into its physiological effects.
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SUPPORTING INFORMATION

Table S1 — Sequences of forward and reverse primers used during qPCR.

Gene Locus

Forward primer

Reverse primer

BBX16 ATI1G73870
LHCBI1.4  AT2G34430
RBCS3B AT5G38410

ACS2 AT1G01480
HsfA4A AT4G18880
oXx11 AT3G25250
WRKY33 AT2G38470
CATI AT1G20630
CAT3 AT1G20620
CSD1 AT1G08830
CSD2 AT2G28190
APX2 AT3G09640
GSHI AT4G23100
GSH?2 AT5G27380

RBOH-D  AT5G47910
RBOH-F AT1G64060
HSP70-1 AT5G02500
HSP90-1 AT5G52640
HSPI101 AT1G74310

TGGGATAATCACGGTTCGCC
CGTCCCCGGAAAGTGAGTT
CCTATTGTCTGTGTTCTTTTTCTCTTTATG
CATGTTCTGCCTTGCGGATC
GAGTTTTCTAGAGATCTTCTTCCGAGATTC
TAGAGGATCGAACCGGAAAG
TCATCGATTGTCAGCAGAGACG
AAGTGCTTCATCGGGAAGGA
TCTCCAACAACATCTCTTCCCTCA
TCCATGCAGACCCTGATGAC
GAGCCTTTGTGGTTCACGAG
TTGCTGTTGAGATCACTGGAGGA
CCCTGGTGAACTGCCTTCA
GGACTCGTCGTTGGTGACAA
AACTCTCCGCTGATTCCAACG
GGTGTCATGAACGAAGTTGCA
AAGGAAACAGAACCACGCCA
GGACAGCCTGAACTCTTCATTAGA
ACAACACTCTGTCTCTCGCC

CGTACCCACCCACAACATGA
TGCAACAAACCGGATACACAC
TCAAGACGCACGGATATATAAATTACA
ACCTGTCCGCCACCTCAAGT
TCCCATTGCTCAGGATCAGC
GACCCTTGATTTCCTCAACG
CCATTCCCACCATTTGTTTCAT
CTTCAACAAAACGCTTCACGA
GTGAAATTAGCAACCTTCTCGATCA
CCTGGAGACCAATGATGCC
CACACCACATGCCAATCTCC
TGAGGCAGACGACCTTCAGG
CATCAGCACCTCTCATCTCCA
TCTGGGAATGCAGTTGGTAGC
TGGTCAGCGAAGTCTTTAGATTCCT
AATGAGAGCAGAACGAGCATCA
TGTCAGAGAAACGACGACCG
CGCCTCCATAAACTCTTTTGTTCC
TGAAGACAGCAACATGAGCCT

Abbreviations: ACS2, 1-aminocyclopropane-1-carboxylic acid synthase 2; APX2, ascorbate peroxidase 2; BBX16, B-box
domain protein 16; CAT1, catalase 1; CAT3, catalase 3; CSDI, Cu/Zn superoxide dismutase 1; CSD2, Cu/Zn superoxide
dismutase 2; GSH1, y-glutamate-cysteine ligase; GSH2, glutathione synthetase; Hsf44A, heat shock factor A4A; HSP101,
heat shock protein 101; HSP70-1, heat shock protein 70.1; HSP90-1, heat shock protein 90.1; LHCB1.4, light-harvesting
chlorophyll a/b-binding protein 1.4; OXIl, oxidative signal-inducible kinase 1; RBOHD, respiratory burst oxidase
homologue D; RBOHF, respiratory burst oxidase homologue F; RBCS3B, ribulose bisphosphate carboxylase small chain

3B; WRKY33, WRKY DNA binding protein 33.
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Table S2 — Physicochemical characteristics of BC and 5% (w/v) BCE.

Characteristic Mean = SE
BC

C (%) 71.71 £1.01
H (%) 3.10+0.04
N (%) 1.19+£0.02
Ash (%) 11.37 £0.05
BC yield (%) 25.87

BCE

NPOC (mg/L) 182.60

TN (mg/L) 2.05
BC/BCE

EC (uS/cm) 1608.3 £19.5
pH 9.03 +£0.28

Data are presented as mean + SE of at least 3 biological replicates. Abbreviations: C, carbon; H, hydrogen; N,
nitrogen; NPOC, non-purgeable organic carbon; TN, total nitrogen; EC, electrical conductivity; BC, biochar; BCE,
biochar extract.
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Table S3 — Nutrient concentrations of BC.

Element Mean (mg/kg DW) = SE
Macronutrients

Ca 23346 £ 4
K 14165 +220
Mg 154418 + 55
P 4062 £+ 20

S 1584 + 87
Micronutrients

Cu 583+7.8
Fe 298.8 £4.8
Mn 65.4+0.1
Na 1824.5+£27.8
Ni <10.0

Zn 167.0£0.8
Potential toxic elements

Cd <2.0

Cr 13.72+£0.12
Hg <20.0

Pb <10.0
Other elements

Ag <10.0

Al 556.1 £ 56.3
Ba 18.8+1.7
Co <10.0

Li 187.5+77.8
Sr 82.5+0.1

Data are presented as mean + SE (mg/kg DW) of at least 3 biological replicates. Abbreviations: Ag, silver; Al,
aluminum; Ba, barium; Ca, calcium; Cd, cadmium; Co, cobalt; Cr, chromium; Cu, copper; Fe, iron; Hg, mercury;
K, potassium; Li, lithium; Mg, magnesium; Mn, manganese; Na, sodium; Ni, nickel; P, phosphorus; Pb, lead; S,
sulfur; Sr, strontium; Zn, zinc; BC, biochar; DW, dry weight.
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Table S4 — Nutrient concentrations of 5% (w/v) BCE.

Element Mean (mg/L) = SE
Macronutrients

Ca 28.99+0.26
K 341.55+1.05
Mg 17.71 £0.03
P 1.818 +£0.003
S 36.56 £0.17
Micronutrients

Cu <0.25

Fe 0.42 +0.01
Mn <0.05

Na 25.51+0.02
Ni <0.25

Zn <0.25
Potential toxic elements

Cd <0.05

Cr <0.25

Pb <0.25

Hg <0.5

Other elements

Ag <0.25

Al <0.25

Ba <0.25

Co <0.25

Li <0.025

Sr <0.25

Data are presented as mean £+ SE (mg/L) of at least 3 biological replicates. Abbreviations: Ag, silver; Al, aluminum;
Ba, barium; Ca, calcium; Cd, cadmium; Co, cobalt; Cr, chromium; Cu, copper; Fe, iron; Hg, mercury; K, potassium;
Li, lithium; Mg, magnesium; Mn, manganese; Na, sodium; Ni, nickel; P, phosphorus; Pb, lead; S, sulfur; Sr,
strontium; Zn, zinc; BCE, biochar extract.
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Fig. S1 — Relative photosynthetic pigment levels in Arabidopsis thaliana seedlings at 10 DAS. Seedlings were
grown under control conditions in 96-well plates containing %4 MS medium supplemented with different BC
concentrations (0%, 0.05%, 0.10%, or 0.25%). Relative chlorophyll a (A) and b (B) content of seedlings exposed
to BC. Data are presented as mean + SE of at least 5 biological replicates relative to 0% BC (set to 1.00). Different
letters denote statistically significant differences (one-way ANOVA (A), Kruskal-Wallis test (B); p < 0.05).
Abbreviations: BC, biochar; DAS, days after sowing.
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