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Abstract 

As the benefits of biochar amendment for soil remediation have been widely recognized, the potential risk 
of downward nematode migration has received increasing attention. Dissolved biochar (DBC) is an essential 
component of biochar that is easily absorbed and utilized by organisms. However, the effect of DBC on nematodes 
remains unclear. This study aimed to assess the effect of DBC on Caenorhabditis elegans. The response of C. 
elegans to different DBC concentrations (0, 250, 500, and 1000 mg L−1) was investigated using culture assays 
and RNA-seq analysis. The results revealed a hormetic effect of DBC, with low concentrations (250–500 mg L−1) 
promoting growth and high concentrations (≥ 1000 mg L−1) inhibiting growth. Meanwhile, DBC affected nematode 
movement and neuromuscular function. Transcriptome analysis revealed a dose-dependent increase in the number 
of differentially expressed genes (DEGs), with key changes related to metabolism, the stress response, and cellular 
processes. Weighted gene coexpression network analysis (WGCNA) revealed that gene modules, such as dyf-11, ins-
16, and hsp-12.6, were strongly correlated with traits such as body size and reproduction. Additionally, genes involved 
in ciliary function, insulin signaling, and neurotransmitter biosynthesis were affected, highlighting the impact of DBC 
on growth and movement regulation. These findings suggest the need to carefully manage biochar application 
in agriculture to balance its benefits and potential risks to soil organisms like nematodes.

 Highlights 

•	 Worms can ingest dissolved biochar (DBC).
•	 Low-dose DBC promoted worm growth, while high-dose DBC inhibited it.
•	 DBC exposure altered worm genes linked to growth, stress, and movement.
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Graphical Abstract

1  Introduction
Biochar is a pyrogenic carbonaceous material prepared 
under oxygen-limited conditions at temperatures 
ranging from 300 to 700  °C (Lehmann 2007), 
characterized by high carbon content, porosity, and 
adsorptive properties, which could contribute to its 
benefits in soil amendment and carbon sequestration 
(Lehmann et  al. 2011; Wang et  al. 2020; Nepal et  al. 
2023). Although biochar application had promising 
advantages for soil management, its inevitable 
dissolution and oxidation upon environmental 

exposure posed potential risks to the soil biota (Lian 
et al. 2019; Li et al. 2024b; Dong et al. 2025).

Nematodes occupy various trophic levels in soil 
and play crucial roles in the food web, soil quality, 
and nutrient cycling for maintaining soil health. In 
recent decades, significant attention has been paid 
to the environmental and health impacts of biochar 
application (Zhang et  al. 2023; Long et  al. 2024). Field 
studies reported that biochar improved the nutrient 
supply, which in turn increased the abundance of soil 
microorganisms. This increased microbial abundance 
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often led to greater populations of microbivorous and 
omnivorous nematodes, which relied on microbial 
communities as food sources (Jeffery et  al. 2022; Liu 
et  al. 2022a, 2024a). However, in certain cases, biochar 
amendment had toxic effects on nematodes. Li and 
Chen (2020) reported that biochar amendment resulted 
in reduced body length and lifespan of nematodes in 
culture-based assays. Additionally, studies by Lieke 
et  al. (2018) and Alharbi et  al. (2023) demonstrated 
that persistent free radicals or polycyclic aromatic 
hydrocarbons (PAHs) in biochar could inhibit nematode 
growth and induce avoidance behavior, indicating that 
the direct impact of biochar on nematodes is not always 
beneficial.

While most existing studies focused on bulk biochar, 
there remained a significant knowledge gap regarding 
the potential risks associated with its water-soluble 
fraction, known as dissolved biochar (DBC). DBC 
primarily consists of colloidal particles and a smaller 
proportion of nanobiochar particles, which result from 
the decomposition of biochar (Lian and Xing 2024). Due 
to their small size, DBC particles could migrate more 
easily through soil pores. Guggenberger et  al. (2008) 
hypothesized that smaller biochar particles would exhibit 
stronger interactions with soil nematodes, potentially 
causing their migration into deeper soil layers. Therefore, 
compared with bulk biochar, DBC is characterized by 
greater environmental mobility and bioavailability (Lian 
and Xing 2017; Rombolà et  al. 2023; Liu et  al. 2024b). 
Prodana et  al. (2019) reported that small particles of 
pine woodchip biochar posed sublethal toxicity risks 
to soil organisms, suggesting that the concentration of 
microbiochar was a key factor in disrupting soil biota. 
Furthermore, recent studies have demonstrated that the 
effects of DBC on soil organisms were complex. Qin 
et al. (2021) and Singh et al. (2022) noted that DBC had 
dual effects: it could serve as an exogenous labile carbon 
source for microorganisms, thereby enhancing microbial 
activity and indirectly benefiting nematode populations 
that depended on these microorganisms for food. 
However, high concentrations of DBC might exert toxic 
effects through mechanisms such as electron transfer, 
which were detrimental to nematodes (Yang et al. 2021; 
Da Costa et  al. 2024). Nevertheless, the threshold and 
molecular mechanisms through which DBC affects 
nematodes remained inadequately understood.

This study investigated the role of dissolved biochar 
in nematode biology, hypothesizing that the DBC 
could exert distinct and dual effects on nematodes. We 
proposed that DBC particles interact with nematodes 
in a dose-dependent manner, thereby influencing their 
feeding behavior, development, and gene expression. 
Furthermore, through transcriptomic analysis, this 

research aimed to identify gene expression changes 
induced by DBC exposure, thus mapping molecular 
pathways related to growth, reproduction, and stress 
responses. The objectives of this study are: (1) to 
characterize DBC, including its particle size, elemental 
composition, and functional groups; (2) to assess the 
effects of different DBC concentrations on the feeding 
behavior and development of C. elegans; and (3) to 
conduct transcriptome sequencing analysis of C. elegans 
exposed to different DBC concentrations. This study may 
provide essential insights for the interactions between 
biochar and soil fauna, as well as for evaluating the safety 
implications of nano/micro biochar application, thus 
informing both ecological and toxicological assessments.

2 � Materials and methods
2.1 � Preparation and characterization of dissolved biochar
Corn straw was used as the raw material to prepare 
biochar in a muffle furnace (HBYQ 2200). After 
smashing, the feedstock was slowly pyrolyzed 
(10  °C  min–1) at 700  °C under N2 for 2 h. The obtained 
biochar was ground, sieved through a 0.15-mm mesh and 
labeled as bulk biochar (BC700).

DBC (DBC700) was prepared in a combined procedure 
involving ball milling, sedimentation and filtration. 
First, the obtained biochar was ground to powder by a 
planetary ball mill with a ball:powder ratio of 20:1 and 
a constant rotation speed of 350 RPM for 12 h. Second, 
50  g of the ball-milled biochar was mixed with 1 L of 
deionized (DI) water and stirred (150 RPM) at room 
temperature for 24  h (1:20 solid:liquid ratio). After 
sonication (2  h at 100 W), the suspension was slowly 
filtered through a 0.65-μm filter, and the DBC in the 
filtrate was measured. A portion of the filtrate was stored 
at 4  °C, and the total dissolved organic matter (DOM) 
content was measured within 48  h. The remainder was 
freeze-dried at − 70  °C. The concentration of DBC was 
defined by the amount of freeze-dried biochar used in the 
preparation of a 1000 mg biochar L–1 solution, and after 
serial dilution with DI water, the required concentrations 
(250 and 500 mg L−1) were obtained.

The DOM concentration was determined using a 
total organic carbon analyzer (TOC-L CPN, Shimadzu, 
Japan). The elemental composition (C, H, N, and O) of 
the freeze-dried biochar was determined by elemental 
analysis (EA3000, Leeman, Italy). The specific surface 
area (SSA) was measured using the Brunauer–Emmett–
Teller (BET) method with an automatic gas adsorption 
analyzer (3Flex, Micromeritics, USA) at a temperature 
of − 195  °C, with nitrogen adsorption and desorption 
cycles performed at 15-s intervals. Three-dimensional 
fluorescence (EEM) spectra were measured using a 
fluorescence spectrophotometer (F-700, Hitachi, Japan). 
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The functional groups were characterized by Fourier 
transform infrared (FTIR) spectroscopy with a resolution 
in the wavenumber range from 400 to 4000  cm−1. 
The particle size was determined using a particle size 
analyzer (Mastersizer 3000, Malvern, England). The 
environmentally persistent free radicals (EPFRs) were 
detected using a Bruker EMXplus electron paramagnetic 
resonance spectrometer (Germany). Singlet oxygen, 
superoxide radicals, and hydroxyl radicals (1O₂, O₂⁻, 
–OH) of DBC were measured by an Electron Spin 
Resonance (ESR) spectrometer, Magnettech (ESR 5000, 
Bruker, Germany), and the total spin count and molar 
spin concentration were calculated through second 
integration for semi-quantitative analysis.

2.2 � Nematode culture
This study used Caenorhabditis elegans because of 
its transparent body and available complete genome 
sequence. Wild-type N2 (Bristol) C. elegans worms were 
obtained from SunyBiotech Company, and the worms 
were maintained on nematode growth medium (NGM) 
with E. coli OP50 at 22  °C. In an NGM plate without 
OP50, 30 fully fed adult hermaphrodites were transferred 
via a platinum wire pick and allowed to lay eggs for 7–9 h. 
To achieve synchronized hatching, OP50 was not added 
at the moment, so that the first-laid eggs could hatch in 
the absence of food. After adequate L1-stage larvae were 
present on each NGM plate, the adults were removed. 
Then, food was added to allow the larvae to grow to the 
L2 stage for subsequent DBC exposure experiments.

2.3 � Measurement of the phenotype, stress response 
and reproduction of C. elegans

The prepared L2-stage worms were exposed to 0.5 mL of 
DBC solution at different concentrations (250, 500, and 
1000 mg L−1) in NGM with OP50, with an equal volume 
of sterile deionized water used as the control (CK). The 
phenotype and stress response of C. elegans individuals 
were measured under an Olympus SZX16 microscope 
with cellSens Dimension software when they reached the 
adult stage.

The body size of C. elegans, including body length and 
width, was measured when they reached the adult stage 
as described by Woodruff et al. (2018) to assess individual 
worm development. Moreover, the body bending 
frequency of the nematodes was measured within 60  s 
to test the stress response, as described by Nawa and 
Matsuoka (2012).

Additionally, reproduction assays were carried out 
after morphological observation. One L4-stage worm 
was transferred to each Petri dish (3.5  cm) containing 
50 μL of OP50 in LB medium, with a total of 17 worms 
for each treatment and the control. Nematodes were 

grown at 25 °C for 72 h, and the number of worms at all 
stages except the egg stage was recorded to evaluate the 
reproduction of worms exposed to DBC.

2.4 � SOD, CAT, ROS test of C. elegans
The concentrations of superoxide dismutase (SOD), 
catalase (CAT), and reactive oxygen species (ROS) in 
the treatments (CK, L, M, H) were quantified using 
commercial ELISA kits, following the manufacturer’s 
protocol.

Briefly, a total of 50 μL of standard solution was added 
to the designated standard wells. That is, 10 μL of sample 
(CK, L, M, H) and 40 μL of sample diluent were added 
to the corresponding wells. The blank wells received no 
reagents. Subsequently, 100 μL of HRP–conjugate reagent 
was added to each well. The plate was covered with an 
adhesive film and incubated at 37  °C for 60  min. After 
incubation, wells were aspirated and washed five times 
with 400 μL of wash solution per well. Any residual liquid 
was carefully removed by blotting the plate on absorbent 
paper. Next, 50 μL each of Chromogen Solutions A and B 
were added to all wells. The plate was gently mixed and 
incubated at 37  °C for 15  min in the dark. Then, 50 μL 
of Stop Solution was added to each well, changing the 
color from blue to yellow. Absorbance at 450  nm was 
measured within 15 min using a microplate reader. Final 
concentrations of SOD, CAT, and ROS were calculated 
by comparing the optical density (O.D.) of test samples 
with the standard curve derived from serially diluted 
standards.

2.5 � Transcriptome sequencing
Once the C. elegans individuals in each treatment group 
grew into young adult worms, they were collected, 
treated with liquid nitrogen, and then stored at − 80  °C 
for RNA sequencing (RNA-seq) and transcriptomic 
analysis.

Total RNA was extracted from tissue using TRIzol® 
Reagent according to the manufacturer’s instructions. 
The RNA quality was subsequently determined with 
a 5300 Bioanalyzer (Agilent) and quantified using an 
ND-2000 (NanoDrop Technologies). Only high-quality 
RNA samples (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, 
RQN ≥ 6.5, 28S:18S ≥ 1.0 > 1 μg) were used to construct a 
sequencing library.

RNA purification, reverse transcription, library 
construction and sequencing were performed at 
Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. 
(Shanghai, China) according to the manufacturer’s 
instructions for the kits and instruments used. The RNA-
seq transcriptomic library was prepared following the 
Illumina® Stranded mRNA Prep, Ligation (San Diego, 
CA) protocol, using 1 μg of total RNA. Briefly, messenger 
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RNA was first isolated by the poly(A) selection 
method with oligo(dT) beads and then fragmented 
with fragmentation buffer. Second, double-stranded 
cDNA was synthesized using a SuperScript Double-
Stranded cDNA Synthesis Kit (Invitrogen, CA) with 
random hexamer primers. The synthesized cDNA was 
subsequently subjected to end repair, phosphorylation 
and adapter addition according to the library 
construction protocol. Libraries were size-selected for 
300 bp cDNA target fragments on 2% Low Range Ultra 
Agarose, followed by amplification using Phusion DNA 
polymerase (NEB) for 15 PCR cycles. After quantification 
with a Qubit 4.0, library sequencing was performed on 
a NovaSeq X Plus platform (PE150) using a NovaSeq 
Reagent Kit or on the DNBSEQ-T7 platform (PE150) 
using a DNBSEQ-T7RS Reagent Kit (FCL PE150), version 
3.0. The raw paired-end reads were trimmed and quality 
controlled using fastp with default parameters. Then, 
the clean reads were separately aligned to the reference 
genome in orientation mode using HISAT2 (Kim et  al. 
2015) software. The mapped reads of each sample were 
assembled by StringTie (Pertea et al. 2015) in a reference-
based approach.

2.6 � Quantitative RT‒PCR
The mRNA samples were extracted, and a PCR master 
mix was prepared using ChamQ SYBR Color qPCR 
Master Mix 2X, along with forward primer (Primer F), 
reverse primer (Primer R), template DNA, and ddH₂O. 
The reaction was conducted using a LineGene 9600 
Plus fluorescence quantitative PCR instrument (Bioer, 
China). For each gene analyzed, expression levels were 
normalized to the reference gene, pmp-3, across three 
independent biological replicates (Zhang et  al. 2011). 
In accordance with the physiological variation in C. 
elegans observed in this study, the selected differentially 
expressed genes (perm-4, abf-2, col-108, his-51, and 
msp-3) were validated by real-time quantitative reverse 
transcription PCR (qRT‒PCR). Finally, the relative 
expression ratios of the target genes were calculated 
using the ΔΔCt method to maintain rigorous scientific 
standards.

2.7 � Statistical analysis
Data on the body development and reproduction of 
C. elegans were recorded using Microsoft Excel. The 
statistical significance of the observed alterations was 
assessed using R software (ggplot2, DescTools) for data 
visualization and one-way ANOVA (Duncan’s test). A 
p-value of < 0.05 was considered statistically significant.

To identify differentially expressed genes (DEGs) 
between two different samples, the expression level 

of each transcript was calculated according to the 
transcripts per million reads (TPM) method. RSEM (Li 
and Dewey, 2011) was used to quantify gene abundances. 
Differential expression analysis was performed using 
DESeq2 (Love, et  al., 2014). DEGs with |log2FC|≥ 1 
and FDR < 0.05 (DESeq2) were considered significantly 
differentially expressed genes.

In addition, functional enrichment analyses, including 
GO and KEGG analyses, were performed to identify 
which DEGs were significantly enriched in GO terms 
and metabolic pathways at a Bonferroni-corrected P 
value < 0.05 compared with the whole-transcriptome 
background. GO functional enrichment and KEGG 
pathway analyses were carried out using the Gene 
Ontology database (http://​www.​geneo​ntolo​gy.​org/), R 
(ClusterProfiler) Python scipy and KAAS (https://​www.​
genome.​jp/​tools/​kaas/). WGCNA was performed using 
Mfuzz time series software.

3 � Results and discussion
3.1 � Characterization of the dissolved biochar
To determine the impact of dissolved biochar (DBC) 
on soil nematodes and investigate its underlying 
mechanisms, the physical and chemical properties of 
DBC were analyzed to understand its potential risks and 
benefits. Scanning electron microscopy (SEM) images 
revealed that the morphology of the biochar particles was 
predominantly spherical or irregular, with a wide range 
of particle sizes and levels of surface roughness (Fig. 1a). 
These morphological characteristics were attributed to 
the specific preparation processes used for DBC (Ng et al. 
2022). In this study, ball milling not only reduced the 
particle size but also likely induced reconstruction of the 
carbon surface, resulting in the formation of new surface 
morphologies and microstructures.

The particle size distribution of the DBC revealed 
the existence of a certain proportion of small particles. 
The D10, D50 and D90 values were 0.025  μm, 0.01  μm, 
and 4.15  μm, respectively (Table  1), suggesting that 
approximately half of the biochar particles were 
physically broken down into colloidal and nanosized 
fractions. Moreover, elemental analysis demonstrated 
that the carbon, oxygen, hydrogen, and nitrogen contents 
of DBC were 14.2%, 15.85%, 1.40 and 0.73%, respectively, 
which resulted in H/C and (O + N)/C ratios of 0.10 and 
1.13, respectively. Similarly, Ma et al. (2019) reported an 
H/C ratio of 0.17 for micro- and nano- scale rice husk 
biochar. According to Zhang et al. (2011, 2017), the H/C 
and (O + N)/C ratios of biochar indicated its aromaticity 
and polarity. These results revealed that the atomic and 
polar indices of the DBC were closer to those of the 
colloidal and nanosized biochar than to bulk biochar. 
Moreover, the main components of DBC were humic 

http://www.geneontology.org/
https://www.genome.jp/tools/kaas/
https://www.genome.jp/tools/kaas/
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acid-like and fulvic acid-like components, accounting 
for 82.16% of the total components (Fig.  1b, Fig. S1). 
These humic and fulvic acid-like components could be 
served as carbon sources for microorganisms, including 
nematodes, ‌among others (Tian et al. 2022).

The Fourier-transform infrared (FTIR) spectrum 
further confirmed the polar properties of the DBC 
samples, including –OH stretching (approximately 

3400  cm−1), C–O stretching (spanning from 
1250 to 1000  cm−1), and C–H bending vibrations 
(approximately 1400  cm−1). The pronounced –OH 
and C–O stretching signals indicated a prevalence of 
aliphatic chains within the DBC (Fig. 1c).

Additionally, environmentally persistent free radicals 
(EPFRs) of the DBC were detected as evidenced by a 
g–value of 2.0030 (Fig.  1d), suggesting the presence of 

Fig. 1  SEM images (a), EEM images (b), FTIR spectra (c) and EPFRs (d) of the particles derived from the dissolved biochar

Table 1  Proximate analysis and particle size of the dissolved biochar

Sample C (%) H (%) N (%) O (%) H/C (O + N)/C Average particle size (μm)

Dx10 Dx50 Dx90

DBC700 14.2 1.4 0.73 15.85 0.10 1.13 0.025 0.10 4.15
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carbon-centered radicals with nearby oxygen atoms, 
aligning with findings by Jiang et  al. (2024). EPFRs 
could induce the production of highly reactive oxygen 
species (ROS) in the environment, which might be 
associated with oxidative stress in biological organisms. 
The elevated ROS was correlated with the damage of 
membrane lipid proteins and even DNA (Liu et  al. 
2022b). Notably, the EPFR signal intensity of DBC in 
this study was significantly greater than that of the 
bulk biochar (Fig. S2), likely due to its greater degree of 
fragmentation and increased number of surface oxygen-
containing functional groups. This finding also suggested 
that excessive exposure to DBC may cause oxidative 
damage in nematodes.

3.2 � Effects of DBC on the feeding behavior, body 
development and reproduction of C. elegans

C. elegans were exposed to DBC at low (L, 250 mg L−1), 
moderate (M, 500  mg L−1) and high (H, 1000  mg L−1) 
concentrations in comparison with the control group 
maintained in deionized water (CK). After exposure, the 
feeding behavior of C. elegans was observed beginning at 
the L2 stage. It was evident that C. elegans could move 
through and live around the biochar particles, displaying 
an obvious swallowing process (Fig. 2a). More details are 
also provided in the video in the Supporting Information. 

According to previous studies, the carbon content from 
biochar might help soil fauna mitigate food shortages 
(Lehmann et  al. 2011; Hou et  al. 2022). In our study, 
the D10, D50, and D90 values indicated a substantial 
abundance of colloidal and nanosized particles capable 
of being ingested by nematodes. The observed feeding 
behavior suggested that DBC did not pose immediate 
toxicity risks at the tested concentrations.

Given that nematodes survived while feeding with 
DBC, the effects of DBC on body bending, body 
development and reproduction in C. elegans were further 
investigated. As shown in Fig.  2b, a greater frequency 
of body bending in C. elegans in the DBC groups was 
detected. Compared with that in the CK (115 per 
minute), the average body bending frequencies in the 250, 
500, and 1000 mg L−1 treatments increased to 136, 135, 
and 142 per minute, respectively. According to prevous 
studies, body bending behavior was a well-established 
indicator of neuromuscular activity in C. elegans, and 
it can be influenced by various environmental factors 
(Gu et al. 2024; Li et al. 2024b). Therefore, the increased 
body bending frequency of C. elegans exposed to DBC 
could indicate a stimulatory effect on the nematode’s 
neuromuscular system. It was hypothesized that the 
EPFRs and functional groups of DBC might interact 

Fig. 2  Feeding behavior, body development and reproduction of C. elegans under different DBC concentrations (CK: 0 mg L−1; low concentration 
(L): 250 mg L−1; moderate concentration (M): 500 mg L−1; high concentration (H): 1000 mg L−1). a Feeding behavior. b Body bending. c Body length. 
d Body width. e Brood size
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with neurotransmitter pathways, influencing synaptic 
transmission and motor control (Li et al. 2024a).

Moreover, the consistent increase in bending 
frequency across all DBC-treated groups suggested 
that the interaction did not lead to overt toxicity (Li 
et  al. 2024c; Perni et  al. 2021) but rather stimulated 
normal motor activity. These findings are consistent 
with other studies showing that exposure to sublethal 
concentrations of nanoparticles or chemicals resulted 
in increased locomotor activity in C. elegans (Ellegaard-
Jensen et  al. 2012; Mani et  al. 2024). However, our 
results were different from those of studies showing 
reduced locomotor activity or even paralysis upon 
exposure to higher concentrations of certain toxicants, 
such as heavy metals or polystyrene microplastics (Yu 
et al. 2020; Zhang et al. 2021). This differential response 
noted the unique interaction between DBC and the 
C. elegans neuromuscular system, implying that the 
effects of DBC are more closely associated with the 
modulation of neural activity than with neurotoxicity.

Unlike the effect on body bending behavior, exposure 
to DBC resulted in a hormetic effect on the body size 
of C. elegans; that is, DBC promoted worm growth at 
low concentrations and inhibited worm growth at high 
concentrations (Fig.  2c, d). Among the treatments, the 
average body length of C. elegans significantly increased 
to 1040.02 ± 21.26  μm and 1064.34 ± 14.04  μm in the 
250  mg L−1 and 500  mg L−1 treatments, respectively, 
but decreased to 900.67 ± 16.61  μm in the 1000  mg L−1 
treatment. The changes in C. elegans body width were 
similar to those observed in body length. Additionally, no 
significant difference in the brood size of C. elegans was 
observed among the DBC treatments (Fig. 2e).

This hormetic effect on the body size of C. elegans may 
be due to the interaction of DBC with the nematode’s 
cellular and metabolic pathways. The increase in body 
size at lower DBC concentrations could be attributed 
to the bioactive properties of organic components of 
DBC, such as fulvic acid and humic acid, which were 
known to enhance nutrient availability or interact with 
cellular systems to trigger mild stress responses that 
promoted growth (Hemmatzadeh et  al. 2024). This 
response is similar to that observed with carboxyl-
functionalized graphene, which modulated oxidative 
stress responses without causing significant harm (Yang 
et  al. 2015). However, growth inhibition at the highest 
concentration (1000  mg L−1) could be attributed to the 
accumulation of biochar particles in the gut. This could 
lead to energy deficits or the activation of stress pathways 
that limited growth. Similarly, Sanchez-Hernandez 
et  al. (2019) reported that excessive biochar particles 
adversely affected enzymes in the earthworm digestive 
system, decreasing earthworm weight. Additionally, the 

insignificant changes in brood size across all treatments 
indicated that although DBC impacted somatic growth, it 
did not significantly affect reproductive output under the 
tested conditions. This finding is consistent with previous 
studies showing that some environmental stressors had 
a stronger impact on growth than on reproduction (Lee 
et al. 2024).

To further clarify the physiological mechanisms 
underlying DBC-induced toxicity in C. elegans, oxidative 
stress biomarkers were examined (Fig. S3). Results 
showed that ROS levels increased significantly and 
dose-dependently in the L, M, and H treatment groups, 
being 48.39%, 69.53%, and 93.73% higher than those 
in the control group (CK), respectively (p < 0.05). This 
trend indicated a pronounced oxidative stress response 
induced by DBC exposure. Simultaneously, the activity 
of antioxidant enzymes declined significantly. SOD 
concentrations decreased from 21.78 ± 0.31  ng  mL−1 in 
CK to 18.28 ± 0.66, 15.01 ± 0.57, and 11.79 ± 0.30 ng mL−1 
in the L, M, and H groups (p < 0.05), and CAT activity 
dropped from 813.07 ± 32.30  pg  mL−1 in CK to 
668.34 ± 34.02, 574.32 ± 18.70, and 525.66 ± 1.17 pg mL−1, 
respectively. These results indicated that DBC exposure 
reduced the antioxidative capacity of nematodes while 
simultaneously enhancing intracellular oxidative burden.

Notably, 1O2 concentrations also increased significantly 
with DBC exposure. Pearson correlation analysis (Fig. 
S4) revealed a strong positive correlation between 1O2 
and ROS levels (r = 0.77, p < 0.01), suggesting that singlet 
oxygen plays a key role in initiating ROS accumulation. 
Furthermore, both ROS and 1O2 showed significant 
positive correlations with body bending frequency, 
whereas SOD and CAT were negatively correlated 
(p < 0.05), implying that the oxidative imbalance disrupts 
neuromuscular function. These physiological responses 
confirm oxidative stress as a central mediator of DBC-
induced toxicity.

These findings align with previous studies suggesting 
that surface functional groups and free radical-
generating potential of biochar particles could be critical 
determinants of biological effects (Xu et  al. 2023; Jia 
et  al. 2025). Although direct structural transformations 
of DBC post-ingestion were not captured in this study, 
the observed oxidative stress response likely stems from 
biochar surface reactivity rather than morphological 
alteration per se. The DBC is known to facilitate microbe 
or host–particle interactions, which can trigger the 
generation of reactive intermediates such as singlet 
oxygen (1O2) or hydroxyl radicals (–OH) (Kumari 
et  al. 2024). These interactions provide a plausible 
mechanistic basis for the enhanced intracellular oxidative 
burden and neuromuscular disruption observed in C. 
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elegans, reinforcing the role of particle-induced redox 
perturbations as a key driver of DBC-mediated toxicity.

3.3 � Transcriptome sequencing analysis of the effect of DBC 
on C. elegans

To explore the molecular mechanisms of the impact of 
DBC on nematodes, transcriptome sequencing analysis 
was conducted on C. elegans exposed to 0 (control), 
250, 500 and 1000  mg L−1 DBC for 56  h. D‌ifferentially 
‌e‌xpressed ‌g‌enes (DEGs) were identified using a false 
discovery rate (FDR)-adjusted p value < 0.05 and an 
absolute fold change > 1.0 as thresholds. Compared with 
the control group, 482 genes (147 up- and 335 down- 
regulated genes), 304 genes (123 up- and 181 down- 
regulated genes) and 2963 genes (843 up- and 2120 
down- regulated genes) were differentially expressed 
following the 250  mg L−1 (Fig. S5a), 500  mg L−1 (Fig. 
S5b) and 1000 mg L−1 (Fig. S5c) treatments, respectively. 
These results revealed a dose-dependent increase in the 
number of DEGs. The number of DEGs increased from 
482 at 250 mg L−1 to 2963 at 1000 mg L−1, suggesting a 
threshold effect wherein low or moderate concentrations 
of DBC weakly affected the nematode’s biological 
systems, whereas higher concentrations induced 
widespread changes in gene expression.

Principal component analysis (PCA) confirmed the 
dose-dependent nature of the response. Significant 
differences were detected between the low (250  mg 
L−1) and moderate (500  mg L−1) DBC treatments when 
compared with the high concentration (1000  mg L−1) 
DBC treatment (Fig.  3a). The first, second and third 
principal components explained 57.83%, 23.84% and 
18.32% of the total variation, respectively. A Venn 
diagram illustrated 303 overlapping DEGs between the 
CK and L groups, 170 overlapping DEGs between the 

CK and M groups, and 2755 overlapping DEGs between 
the CK and H groups (Fig. 3b). This clear differentiation 
underscored that high DBC exposure induced more 
pronounced molecular changes compared to low and 
moderate concentrations. Moreover, the clear separation 
observed between the low (250  mg L−1) and moderate 
(500  mg L−1) DBC treatments from the high (1000  mg 
L−1) DBC treatment emphasized the dose-dependent 
effects of DBC on nematode biology. The DEG responses 
were consistent with variations in body size but did 
not correlate with changes in reproductive capacity or 
body bending frequency (Fig.  2), suggesting that these 
physiological parameters were influenced by distinct 
mechanisms.

Additionally, trend analysis of the DEG data indicated 
that DBC affected nematode biology through various 
concentration-dependent mechanisms. At lower 
concentrations, the gene expression changes were 
primarily associated with metabolic processes and 
stress responses, whereas higher concentrations 
triggered a widespread activation of pathways related 
to cell growth and apoptosis. These findings noted that 
DBC influenced C. elegans through complex molecular 
pathways, including those involved in oxidative stress, 
immune responses, and metabolic regulation, offering a 
more comprehensive understanding of how DBC affect 
nematode biology.

3.4 � Functional enrichment and pathway analysis of C. 
elegans exposed to DBC

The DEGs identified under different DBC concentrations 
were further annotated via GO analysis to identify 
functional process terms, including those in the 
biological process (BP), cellular component (CC), and 
molecular function (MF) categories. Compared to the 

Fig. 3  Principal component analysis (a) and Venn diagram (b) for DEGs of C. elegans under different DBC concentrations
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control group, DBC exposure resulted in the enrichment 
of 11 BP terms, 2 CC terms, and 7 MF terms (Fig. S6).

In the biological process (BP) category, the majority 
of DEGs were associated with cellular processes, 
metabolic processes, biological regulation, response 
to stimuli, and localization. These processes were 
directly involved in the ability of worms to respond 
to environmental stressors, such as DBC exposure. 
The alterations in these processes are consistent with 
findings in Mitchum et  al. (2013). In particular, the 
upregulation of genes involved in metabolism indicated 
that DBC exposure increased the worms’ metabolic 
activity, which aligned with the observed increases 
in body bending across all DBC concentrations, 
suggesting a stimulation of neuromuscular activity (Fig. 
S6). Furthermore, the upregulation of genes related to 
the response to stimuli supported the hypothesis that 
DBC induced a cellular stress response, potentially 
linked to oxidative stress (Zhao et  al. 2017; Yu et  al. 
2022).

In the molecular function (MF) category, the enriched 
genes related to binding and catalytic activity indicated 
that DBC exposure could have altered enzymatic 
functions and interactions within cells. The modification 
of binding and catalytic activities could disrupt metabolic 
pathways and signal transduction, thereby potentially 
affecting worm growth and development (Zhu and Chin-
Sang 2024). Similar observations were reported in studies 
examining the impact of environmental contaminants 
on the molecular functions of C. elegans, where changes 
in catalytic activities were linked to oxidative stress 
and metabolic disturbances (Yu et  al. 2022). These 
findings were consistent with the observed phenotypic 
effects, such as disrupted neurodegenerative pathways 
at low concentrations (250  mg L−1) and cell signaling 
disruptions at medium concentrations (500  mg L−1), 
further linking gene expression changes to physiological 
responses.

Moreover, the main terms enriched in the cellular 
component (CC) category were related to protein-
containing complexes and cellular anatomical entities. 
This indicated that DBC exposure may compromise 
the structural integrity and functionality of cellular 
components. This could have significant implications 
for the overall cellular architecture and the functionality 
of essential protein complexes, which were crucial for 
maintaining cellular homeostasis (Lettre and Hengartner 
2006). This structural impact likely contributed 
to the observed growth inhibition at higher DBC 
concentrations, particularly through the induction of 
necrosis and cancer-related pathways at 1000  mg L−1 
(Fig. 4).

According to further KEGG analysis, the identified 
DEGs were classified into the following six KEGG 
functional categories: organismal systems, metabolism, 
human diseases, genetic information processing, 
environmental information processing, and cellular 
process (Fig. S7). Compared to the CK group, the types 
and numbers of enriched pathways (p < 0.01) in the 
500  mg L−1 and 1000  mg L−1 DBC treatment groups 
were similar and significantly greater than those in the 
250  mg L−1 DBC treatment group. The top functional 
subcategories in the 500  mg L−1 DBC group included 
transport and catabolism, aging, and the endocrine 
system. Compared with those in the control group, the 
main pathways in the 1000 mg L−1 DBC group involved 
signal transduction, cell growth and death, and the 
immune system.

Additionally, scatter plots displayed the KEGG 
enrichment among different DBC groups (Fig. 4). The low 
concentration (250  mg L−1) primarily affected oxidative 
phosphorylation and neurodegenerative pathways, 
while the medium concentration (500  mg L−1) induced 
oxidative stress and cell signaling disruption. At the 
high concentration (1000 mg L−1), DBC exposure led to 
significant enrichment in necroptosis and cancer-related 
pathways, indicating severe cellular damage.

In total, the DEGs identified under varying DBC 
concentrations were analyzed through GO and KEGG 
pathway analyses to explore the underlying molecular 
mechanisms in C. elegans. At lower concentrations, DBC 
primarily upregulated genes associated with metabolism 
and stress responses, correlating with increased 
neuromuscular activity observed in body bending assays. 
At higher DBC concentration, DBC exposure induced 
extensive changes in gene expression, including pathways 
related to necrosis and cancer, suggesting significant 
cellular damage and metabolic disruption. These findings 
suggested that DBC had dose-dependent effects affecting 
cellular integrity and metabolic regulation in C. elegans, 
providing insights into the ecological and toxicological 
impacts of biochar application on nematodes.

3.5 � Key pathway nodes for C. elegans exposed to DBC
To identify critical gene modules and highly connected 
genes associated with body size, body bending, and 
brood size in C. elegans exposed to DBC, the Weighted 
Gene Co-expression Network Analysis (WGCNA) 
was employed based on gene expression data. Soft-
threshold analysis revealed that a soft power of 12 
was optimal for module detection (Fig.  5a). Following 
network construction and module detection, the 
relationships between modules and traits were also 
investigated (Fig.  5b, c). Out of 18 detected modules, 4 
were significantly associated with body size, 2 with body 
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Fig. 4  KEGG pathway enrichment for the DEGs identified in C. elegans exposed to different DBC concentrations. a L: 250 mg L−1; b M: 500 mg L−1; c 
H: 1000 mg L−1
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bending, and 1 with brood size. From these, we selected 
the top 6 modules that were highly correlated with at 
least one trait of C. elegans (Fig. 5d). Overall, the modules 
named “turquoise”, “blue” and “yellow” were identified as 
significant.

DEGs identified through WGCNA were ranked based 
on gene significance (GS) and module significance 
(MS), and several genes were found to be significantly 
correlated with traits such as body size, body bending, 
and brood size (Table 2). Notably, the turquoise module, 
which included dyf-11, dyf-13, dyf-19, ins-16, and atat-2, 
was strongly correlated with body length. Genes from the 
dyf gene family, such as dyf-11, dyf-13, and dyf-19, played 
critical roles in intraciliary anterograde transport and 
cilium assembly, essential for maintaining ciliary function 
in C. elegans (Prevo et al. 2015). Specifically, proteins like 
DYF-11 and DYF-13 were reported to be involved in 
intraflagellar transport in C. elegans, a critical process 
for proper cilia function (Inglis et al. 2009). Proper ciliary 
function  was vital for the maintenance of cell signaling, 
which in turn directly affected organismal growth. 
Disruptions in ciliary function, as caused by mutations 
in dyf genes, were often associated with developmental 
defects, including impaired growth and reduced body 
size.

Ins-16, an insulin-like peptide, was expressed in 
multiple developmental regions and likely played roles in 
systemic growth and neural development through insulin 
signaling, a key pathway regulating organismal growth 
and metabolism. Mutations in insulin-like signaling 
pathways have been shown to significantly affect growth 
rates and body size in C. elegans (Kimura et  al. 2017). 

Given its expression in distal tip cells, neurons, and the 
pharynx, ins-16 could have modulated developmental 
signaling across various tissues. Similarly, atat-2, 
encoding tubulin N-acetyltransferase, was also found 
to be associated with body size regulation through its 
impact on thigmotaxis and sensory perception (Akella 
et al. 2010; Akhmanova and Steinmetz 2015). The role of 
atat-2 in microtubule acetylation likely helped maintain 
sensory neuron structure, linking neuronal integrity to 
overall organismal size and behavior.

In the blue module, genes dpy-3 and dyc-1 were 
strongly correlated with body length, highlighting 
the importance of structural components in growth 
regulation. dpy-3 is a key component of the collagen 
trimer and always plays a crucial role in the cuticle 
molting cycle, directly affecting cuticle integrity and 
body morphology (Johnstone 2000). The cuticle, an 
extracellular structure essential for body shape and 
protection, was intricately linked to growth regulation, 
and any disruption in this process could lead to 
developmental abnormalities, including abnormal body 
size (Sandhu et al. 2021). In addition, dyc-1, a key player 
in muscle homeostasis and sarcomere organization, was 
part of the dystrophin-associated glycoprotein complex, 
which is crucial for muscle membrane stability during 
contraction (Burghes et  al. 2001; Lecroisey et  al. 2009). 
These findings suggest that both cuticle integrity and 
muscle integrity are essential for body length regulation. 
Further research would be needed to explore the 
interactions between these components and how they 
coordinate to ensure proper body length and overall 
health. These structural and physiological pathways are 

Fig. 5  Graphs produced by WGCNA. a Soft power detection. The graph indicates that soft powers above 12 meet the scale-free topology 
above 0.8. b Module detection and merging modules. c Module‒trait relationship heatmap. Only those modules with strong relationships (> 0.3) 
were selected for further analysis. d Module membership versus gene significance of the highly correlated modules at specific time points
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fundamental to understanding how physical growth is 
regulated in C. elegans and how defects in these processes 
may lead to developmental disorders or reduced fitness.

The strong correlations between body width and 
genes in the salmon and black modules, including 
cat-4, rnf-145, semo-1, ceh-5, and tni-1, suggested the 
existence of a multifaceted regulatory network involving 
neurotransmitter biosynthesis, protein degradation, and 

muscle function, all critical for body morphology. cat-
4, essential for dopamine biosynthesis, impacted both 
neuronal and muscular physiology. Dopamine signaling 
was reported to affect several physiological processes, 
including movement and growth, likely contributing to 
body width regulation (Sanyal et  al. 2004; Baker et  al. 
2012). Furthermore, rnf-145, a ubiquitin ligase, regulates 
protein degradation and is expressed in muscle and 

Table 2  Top 20 significant DEGs in C. elegans exposed to DBC

Trait Gene name Module MM GS Function

Body size dyf-13 Turquoise 0.86 0.94 Involved in intraciliary anterograde transport and intraciliary transport in cilium assembly

dyf-19 0.87 0.89

dyf-11 0.94 0.87

ins-16 Turquoise 0.91 0.90 Expressed in distal tip cells, the intestine, neurons, and the pharynx

atat-2 Turquoise 0.88 0.89 Involved in thigmotaxis and expressed in ciliated neurons and touch receptor neurons

dpy-3 Blue 0.93 0.98 Involved in cuticle development and predicted to be part of collagen trimers

dyc-1 Blue 0.88 0.79 Involved in muscle cell cellular homeostasis; regulation of egg-laying behavior and sarcomere 
organization

cat-4 Salmon 0.93 0.84 Involved in dopamine, melanin, and tetrahydrobiopterin in biosynthesis. Predicted to be active 
in the cytoplasm

rnf-145 Salmon 0.91 0.82 Involved in proteasome-mediated ubiquitin-dependent protein catabolic processes

semo-1 Black 0.86 0.77 Enables methanethiol oxidase activity and is expressed in the hypodermis

ceh-5 Black 0.88 0.72 Involved in brain development, neuron differentiation and RNA polymerase II transcription 
regulation. Active in the nucleus

tni-1 Black 0.95 0.71 Involved in backward locomotion. Part of muscle thin filament tropomyosin

Body bending vit-5 Green 0.90 0.92 Predicted to enable lipid transporter activity and could be involved in lipid transport. Expressed 
in the intestinevit-6 Green 0.92 0.78

eral-1 Green 0.86 0.84 Involved in regulating egg-laying behavior and aerobic respiration. Located in the mitochondrial 
inner membrane and active in the mitochondrial matrix

pcmd-1 Green 0.87 0.84 Expressed in the germ line

spat-1 Green 0.84 0.78 Involved in positive regulation of the mitotic cell cycle

vps-18 Green 0.86 0.77 Involved in endosome organization and phagosome-lysosome fusion involved in apoptotic cell 
clearance

ceh-49 Yellow 0.95 0.75 Involved in RNA polymerase II transcription regulation. Active in the nucleus

rgs-8.1 Yellow 0.93 0.73 Expressed in the PVT and intestine

lsy-27 Yellow 0.83 0.73 Involved in neuron differentiation and DNA-templated transcription regulation. Active 
in the nucleus

crn-4 Yellow 0.95 0.65 Involved in RNA catabolic process and apoptotic DNA fragmentation

srp-1 Yellow 0.82 0.50 Enables peptidase activity and serine-type endopeptidase inhibitor activity and involved 
in proteolysis

Brood size hsp-12.6 Red 0.84 0.82 Enables identical protein binding activity. Involved in protein refolding and heat response. 
Located in the cytoplasm

ins-15 Red 0.85 0.53 Involved in signal transduction and expressed in several structures, including the egg-laying 
apparatus, gonad, head muscle, neurons, and the ventral nerve cord

gcy-12 Red 0.92 0.53 Enables guanylate cyclase activity. Involved in negative regulation of dauer larval development, 
growth regulation, and locomotion. Expressed in excretory gland cells, ganglia, head muscle, 
and head neurons

his-53 Red 0.82 0.48 Enables DNA binding activity and protein heterodimerization activity

his-51 0.82 0.48

his-21 0.82 0.48

his-19 0.82 0.48

col-108 Red 0.87 0.58 Predicted to be a structural constituent of the cuticle. Predicted to be located in membranes
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nervous system tissues, indicating its role in maintaining 
protein homeostasis and facilitating growth regulation 
(Zhang et al. 2020). Disruption of this pathway could lead 
to abnormal protein turnover, affecting muscle function 
and consequently body size and morphology. semo-1, 
localized in the hypodermis, and ceh-5, a transcription 
factor regulating neuronal differentiation, contributed 
to tissue development, further linking growth regulation 
to cell differentiation and tissue organization (Aquino-
Nunez et al. 2020; Philipp et al. 2022). Additionally, tni-
1, associated with contraction via troponin‒tropomyosin 
interactions, was essential for locomotion and linked 
muscular function directly to body structure (Matsunaga 
et  al. 2016). Together, these genes formed an intricate 
network that coordinated multiple aspects of growth and 
body width regulation, encompassing neurotransmitter 
biosynthesis, protein degradation, and muscle function. 
These findings suggested the interdependence of 
molecular and physiological pathways that regulate body 
morphology in C. elegans.

WGCNA further revealed that genes in the green 
and yellow modules were strongly correlated with the 
frequency of body bending in C. elegans, which was 
a key indicator of worm health and muscle function. 
In the green module, vit-5 and vit-6, both involved in 
lipid transport, were likely related to muscle regulation 
through the modulation of lipid metabolism. Lipids are 
essential for maintaining membrane integrity and energy 
homeostasis, which are crucial for muscle contraction. 
eral-1, which is essential for rRNA binding and 
mitochondrial function, regulates energy metabolism, 
a process directly linked to muscle contraction and 
movement (Chatzispyrou et  al. 2017). Furthermore, the 
involvement of pat-1 in cell cycle regulation suggested 
that developmental processes could also impact muscle 
function, linking cell proliferation and differentiation 
to muscle physiology. In the yellow module, ceh-49 and 
lsy-27, both encoding transcription factors, regulated 
neuronal differentiation and transcription, affecting 
muscle contraction (Ramakrishnan and Okkema 
2014). The influence of these transcription factors on 
neuronal signaling and muscle activity indicated that 
a neuromuscular interplay was critical for maintaining 
body movement and health. Additionally, the role of rgs-
8.1 in neurotransmission supported the integration of 
signals with muscle function. The roles of crn-4 and srp-
1, which were involved in RNA degradation and protein 
turnover, emphasized the importance of molecular 
regulation in maintaining muscle integrity and function 
(Pak et  al. 2004; Huang et  al. 2016). These findings 
suggested that lipid metabolism, transcription regulation, 
and protein turnover were pivotal for maintaining muscle 
health and body movement.

Brood size, a key indicator of reproductive success, was 
significantly correlated with the red module, particularly 
genes such as hsp-12.6, ins-15, gcy-12, and col-108. hsp-
12.6, a protein chaperone, played a crucial role in protein 
refolding under stress conditions, and its expression 
in reproductive tissues suggested a direct influence on 
fertility and offspring count (Murphy et  al. 2003). Heat 
shock proteins, including Hsp-12.6, were involved in the 
stress response, helping cells cope with environmental 
challenges and thereby ensuring reproductive success 
under fluctuating conditions. Similarly, ins-15, expressed 
in the gonads and egg-laying apparatus, likely affected 
reproductive output through hormonal regulation 
(Pierce et al. 2001). gcy-12, involved in guanylate cyclase 
activity, regulated dauer formation and growth, which in 
turn affected developmental decisions and reproductive 
success (Yu et  al. 1997; Fujiwara et  al. 2010). Moreover, 
col-108, which was involved in environmental adaptation, 
played a crucial role in maintaining organismal integrity 
and ensuring reproductive success (Johnstone 2000). 
Furthermore, his family genes (his-53, his-51, his-21, 
and his-19) were involved in chromatin organization 
and DNA binding, with their roles in regulating gene 
expression likely impacted fertility and progeny numbers 
by influencing the development and function of 
reproductive tissue (Chu et  al. 2006). Collectively, these 
findings implied that the intricate balance between stress 
responses, hormonal regulation, and developmental 
pathways drove reproductive success in C. elegans.

This study integrated WGCNA with DEG analyses to 
identify key genetic modules and their associated traits 
in C. elegans. WGCNA identified gene modules that 
were highly correlated with specific traits, such as body 
width, bending frequency, and brood size, allowing for a 
systems-level view of the genetic networks involved. For 
example, the identification of cat-4, rnf-145, and tni-1 
in the regulation of body size suggested the importance 
of neurotransmitter biosynthesis, protein degradation, 
and muscle function in growth regulation, as noted 
by WGCNA. These findings were further elucidated 
through DEG analysis, which identified key regulatory 
molecules, such as dopamine and ubiquitin ligases, 
involved in muscle function and body morphology. 
Similarly, the roles of lipid metabolism, transcription 
regulation, and protein turnover in muscle function 
and health were reinforced through both WGCNA 
and DEG analyses, providing a comprehensive view 
of the biological pathways involved. In the context of 
reproductive success, the identification of genes such 
as hsp-12.6, ins-15, and gcy-12 further emphasized the 
complex interplay among stress response pathways, 
hormonal regulation, and growth regulation. Thus, 
by combining the two analytical methods, the study 
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revealed how genetic and environmental factors interact 
to influence the development, behavior, and reproductive 
success of C. elegans.

3.6 � Analysis of target genes related to DBC‑exposed C. 
elegans

To validate the transcriptome sequencing results and 
further investigate the molecular mechanisms of DBC on 
C. elegans, real-time quantitative PCR (qRT–PCR) was 
performed on five genes: perm-4, abf-2, col-108, his-51, 
and msp-3 (Fig. 6). These genes were involved in various 
biological processes, including reproduction, immune 
response, cuticle structure, chromatin remodeling, and 
sperm motility.

Among the identified genes, perm-4 was an egg yolk-
related gene that was significantly upregulated under 
treatment with 1000  mg L−1 DBC. This upregulation 
suggested that DBC might have enhanced yolk protein 
synthesis, which is vital for nutrient storage and embryo 
development. The increased expression of perm-4 
indicated a stress-induced or metabolic adaptation aimed 
at maintaining reproductive capacity under adverse 
conditions.

The abf-2 gene, known for its role in the immune 
response, is primarily expressed in the pharynx and 
excretory cells (Tomisawa et al. 2013). In response to low 
and medium concentrations of DBC, abf-2 expression 
was lower than that in the control, but significant 
differences were observed under high concentration 
DBC. This concentration-dependent variation indicated 
a potential immunomodulatory effect of DBC. At 

lower concentrations, the reduced expression of abf-
2 may reflect a compensatory or adaptive mechanism 
to maintain immune homeostasis. In contrast, the 
upregulation at high concentrations likely represented 
an activation of immune responses to counteract the 
heightened stress induced by excessive DBC exposure.

The col-108 gene is part of a collagen triplet and mainly 
affects the structure of the cuticle. In this study, col-108 
expression did not show significant changes upon DBC 
exposure. The lack of significant impact may be due to 
the small particle size of the biochar micronanoparticles, 
which may not be sufficient to cause direct mechanical 
disruption of the cuticle. However, it is important to 
consider that subcellular or molecular interactions could 
still have indirectly affected cuticle integrity without 
altering col-108 expression levels. Similarly, msp-3, which 
is associated with sperm mobility and reproduction, also 
exhibited alterations in expression, although its specific 
changes in response to biochar exposure were less 
pronounced compared to those of other target genes.

Furthermore, the his-51 gene encodes a histone 
protein critical for DNA binding and chromatin 
structure within the nucleosome. Significant alterations 
in his-51 expression were observed only at the highest 
DBC concentration (1000  mg L−1), indicating that 
DBC exposure may influence chromatin remodeling 
and DNA-related processes. This suggested potential 
epigenetic effects, where biochar-induced transcriptional 
reprogramming modified chromatin dynamics, 
leading to changes in gene regulation. Disruption of 
histone function could alter gene expression profiles, 
underpinning broader physiological effects such as 
modified stress responses and developmental processes.

Overall, qRT-PCR validation of target genes revealed 
that DBC, particularly at relatively high concentrations, 
could modulate key genetic pathways in C. elegans, 
impacting reproductive processes, immune responses, 
chromatin remodeling, and sperm motility. This study 
suggested molecular mechanisms through which DBC 
affected organismal physiology. These findings provided 
a molecular framework for understanding how biochar 
exposure influenced C. elegans at the gene expression 
level. Future research could explore the interactions 
between dissolved biochar and these genetic pathways in 
more detail, including the role of environmental stressors 
in shaping gene expression and the potential for DBC to 
induce epigenetic changes.

Fig. 6  Different gene expression patterns of C. elegans exposed 
to different treatments were determined via qPCR
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4 � Conclusion
This study provides novel insights into the dose-
dependent effects of dissolved biochar (DBC) on C. 
elegans, revealing both its potential benefits and risks. 
At lower concentrations (< 500 mg L−1), DBC promoted 
the nematode growth and locomotor activity, likely 
due to the additional nutrient availability or triggering 
mild physiological stimulation. However, at higher 
concentrations, DBC posed significant risks by disrupting 
nematode metabolism processes, and inducing 
widespread transcriptional variations. Furthermore, 
transcriptomic analysis identified key differentially 
expressed genes (DEGs) involved in cellular metabolism, 
biological regulation, and catalytic activity, reinforcing 
the dual effects of DBC. These findings highlight the 
necessity of careful biochar application in agriculture 
to maximize its benefits while minimizing potential 
ecological risks. Future research should further explore 
the long-term ecological impact  of DBC, particularly 
on soil nematode communities and other non-target 
organisms, to better understand its broader implications 
in soil health and ecosystem resilience.
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