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Rice husks and their hydrochars cause unexpected stress response
in the nematode Caenorhabditis elegans: reduced transcription
of stress-related genes
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Abstract Currently, char substrates gain a lot of interest since
soils amended with such substrates are being discussed to
increase in fertility and productivity, water retention, and mit-
igation of greenhouse gases. Char substrates can be produced
by carbonization of organic matter. Among different process
conditions, temperature is the main factor controlling the oc-
currence of organic and inorganic contaminants such as phe-
nols and furfurals, which may affect target and non-target
organisms. The hydrochar produced at 200 °C contained both
furfural and phenol with concentrations of 282 and
324 mg kg−1 in contrast to the 300 °C hydrochar, which
contained only phenol with a concentration of 666 mg kg−1.
Bywashing with acetone and water, these concentrations were
significantly reduced. In this study, the potential toxic effects
of hydrochars on the free-living nematode Caenorhabditis
elegans were investigated via gene transcription studies using
the following four matrices: (i) raw rice husk, (ii) unwashed
rice char, (iii) acetone/water washed rice char, and (iv) the

wash water of the two rice chars produced at 200 and
300 °C via hydrothermal carbonization (HTC). Furthermore,
genetically modified strains, where the green fluorescent pro-
tein (GFP) gene sequence is linked to a reporter gene central in
specific anti-stress regulations, were also exposed to these
matrices. Transgenic worms exposed to hydrochars showed
very weak, if any, fluorescence, and expression of the associ-
ated RNAs related to stress response and biotransformation
genes was surprisingly downregulated. Similar patterns were
also found for the raw rice husk. It is hypothesized that an
unidentified chemical trigger exists in the rice husk, which is
not destroyed during the HTC process. Therefore, the use of
GFP transgenic nematode strains cannot be recommended as a
general rapid monitoring tool for farmers treating their fields
with artificial char. However, it is hypothesized that the ob-
served reduced transcriptional response with the subsequent
lack of energy-consuming stress response is an energy-saving
mechanism in the exposed nematodes. If this holds true in
future studies, this finding opens the window to an innovative
new field of stress ecology.

Keywords Biochars . Hydrochars . Hydrothermal
carbonization . GFP . Gene transcription . Stress ecology

Introduction

New management practices for organic residues such as rice
husk include the generation of char substrates, which hold
promise as soil amendments for carbon sequestration, reduc-
tion in the emission of greenhouse gases, and improving soil
fertility (Atkinson et al. 2010; Mao et al. 2012). The enhance-
ment of soil fertility by the amendment of char substrates has
been recognized by studies of terra preta de índio soils and
their functioning (Glaser et al. 2001). In addition to biochars,
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which are derived from pyrolysis in an oxygen-depleted at-
mosphere, other char substrates gain interest, as for example
the so-called hydrochars (Mumme et al. 2011). These sub-
strates are generated by hydrothermal carbonization (HTC)
(Libra et al. 2011; Sevilla et al. 2011; Titirici et al. 2007).
The basis of hydrochars is organic material that is converted
under wet conditions at temperatures of 180–250 °C (Diakité
et al. 2013).

Although the benefits of char substrate applications have
often been reported, there is only little knowledge about po-
tential adverse effects. They may derive from the chemical
composition of the feedstock itself or from the carbonization
process. Both processes, pyrolysis and HTC, may be associ-
ated with the generation of toxicants and increased persistence
of xenobiotic chemicals (Kookana 2010) and metals and met-
alloids (Agrafioti et al. 2013; Pellera et al. 2012). For instance,
incomplete combustion and pyrolysis may generate polycy-
clic aromatic hydrocarbons (PAHs) and other persistent organ-
ic pollutants (POPs) (Keiluweit et al. 2012; Wiedner et al.
2013). As a consequence, adverse effects to terrestrial organ-
isms have to be anticipated. Toxicity toward plants and micro-
organisms has already been reported in some cases (Oleszczuk
et al. 2014), and standard model animals are being developed
as new promising tools for future ecotoxicological assessment
of charcoal compounds (Linhares et al. 2012). In addition,
through direct contact with soil-dwelling animals, PAHs and
other POPs adsorbed on char substrates can easily attach to
microorganisms (Thion et al. 2012) that serve as food for these
invertebrates, and thereby can enter the food chain.

In a recent study with the earthworm Eisenia fetida
SAVIGNY, several tests (avoidance, growth and reproduction,
anti-oxidative status) were carried out to assess the potential
toxicity of soil amended with biochar produced from wood
chips (Li et al. 2011). The authors found that earthworms
avoided soils containing 100 and 200 g kg−1 of dry biochar.
In this case, the behavior of the worms was attributed mainly
to insufficient moisture, but not to potentially harmful contam-
inants of the amended soils.

Comparing natural humic substrates and two char sub-
strates of different origins with biomolecular techniques, it
was demonstrated that humic substrates increased the tran-
scription of a homolog to the human anticancer gene p53 in
the nematode Caenorhabditis elegans MAUPAS. In contrast, a
hydrochar made of poplar wood did not show a clear effect
(Chakrabarti et al. 2011). Therefore, more comprehensive
studies are needed to better elucidate the effects of chars to
soil organisms. Being the most abundant metazoans in soils,
nematodes play a central role in the microbial loop and nutri-
ent bioavailability (Coleman 1994); therefore, any reduction
in nematode biomass and/or activity may, in turn, carry the
risk to reduce the bioavailability of key nutrients to plants.

During the hydrochar production, source material loses
weight and potential toxic substances migrate into the wash

water (Kalderis et al. 2014). Therefore, the char products as
well as the different wash waters were tested for toxicity and
analyzed for potentially toxic chemical compounds. In bio-
chars, polycyclic aromatic hydrocarbons (PAHs) form as the
result of secondary thermochemical reactions at temperatures
over 700 °C (Libra et al. 2011; McGrath et al. 2007; Norinaga
et al. 2009). Since the production temperatures of the
hydrochars did not exceed 300 °C, the products were not
analyzed for this class of chemicals, but for furfurals, includ-
ing hydroxymethylfurfural (HMF), and phenols. Recent com-
parative studies support this selection of xenobiotics analyzed.
For instance, Wiedner et al. (2013) compared the xenobiotic
contamination of biochars and hydrochars and found that
hydrochars have only very low proportions of aromatic com-
pounds compared to biochars but are richer in functional
groups compared to biochars. Although it cannot be excluded,
it is very unlikely that minor contaminants, such as highly
condensed PAHs, may function as triggers of gene transcrip-
tion. Therefore, the current study focused on potentially
water-soluble toxic compounds such as furfurals and phenols.

As first step, this study tested the toxicity of selected
hydrochars with 11 different transgenic nematode strains pre-
pared to produce luminescence in the presence of stressors.
These strains were transfected with different reporter genes
coupled to the green fluorescence protein gene. The selected
reporter genes are central in various stress defense pathways,
for instance, general stress, hsp genes and daf-16; biotransfor-
mation of lipophilic chemicals, cyp genes; biotransformation
of functionalized lipophilic chemicals, gst genes; oxidative
stress, sod genes, etc. Increased transcription of the corre-
sponding genes should result in green fluorescing worms
and provide hints of the agonist chemicals. To confirm the
results obtained with the genetically modified worms, in a
second step, quantitative PCR (qPCR) was performed to iden-
tify potential alterations in the corresponding mRNAs. Based
on this set of tools, we hypothesized that (1) hydrochars inde-
pendent of their feedstock will adversely affect C. elegans,
and, if present, these effects can bemonitored via transcription
of key genes, and (2) therefore, transgenic nematodes could be
applied in monitoring programs of char-amended agricultural
sites.

Material, methods, and test design

Hydrochar production and post-treatment

Char material was produced at the Technological Educational
Institute of Crete, Greece, via HTC of rice husk (Oryza sativa
L.) at 200 and 300 °C with residence times between 2 and
16 h. It could be shown that between 34 and 42 % of the
hydrochar produced at 200 °C and between 33 and 64 % of
the hydrochar produced at 300 °Cwere removed by acetone in
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the post-treatment (Kalderis et al. (2014). For further exami-
nation of the hydrochars, the residence time of 6 h was select-
ed in this study, since this condition resulted in the greatest
difference in loss of weight after the wash process regarding
the temperature setting (200 or 300 °C).

Post-treatments were conducted at the Leibniz Institute for
Agricultural Engineering Potsdam-Bornim (ATB) in Potsdam.
Part of the obtained hydrochars and rice husks was washed
with acetone and water to remove dissolvable compounds,
which may be toxic. Ten grams of hydrochars was mixed with
200 ml of acetone (99.8 p.a.) in a flask, covered with alumi-
num foil to prevent evaporation, and shaken for 5.5 h at
120 rpm at room temperature. Thereafter, the mixture was
filtered (folded filter paper MN 280 ¼, Machery-Nagel,
Düren, Germany). To remove traces of acetone from the char,
the wet mixture was washed two times with 300ml of distilled
water, given in several small quantities. These two water frac-
tions were chemically characterized. The second wash water
was also used for exposition of the nematode test organisms.
Filters and char material were dried at 60 °C overnight before
it was removed from the filter. The same procedure was per-
formed for the non-carbonized rice husk.

Preparation of rice husk and hydrochars

For feeding of the worms, 1 g of each test substrate, the rice
husk, and the washed and the unwashed char material were
dissolved in weak sodium hydroxide solution (39.6 ml aqua
bi-distilled/0.4 ml NaOH 10 M) to increase the solubility of
the char material (Chakrabarti et al. 2011), shaken overnight at
room temperature, and then centrifuged at 2500g for 2 min
and neutralized. To ensure sterile conditions, the solvent was
filtered through a 0.2-μm membrane (Sarstedt) and stored at
4 °C. The sterile char solution was thereafter mixed with an up
concentrated solution of Escherichia coli bacteria and poured
onto the nematode growth medium (NGM) plates. As tested
before in several works, this ensures the worm’s uptake of the
substance via their food.

Chemical characterization of hydrochars and washing
water

A comprehensive characterization of elemental composition,
metal contents, H/C atomic ratios, and combustion profiles of
hydrochars produced by hydrothermal carbonization of rice
husks is available in Kalderis et al. (2014). The authors also
described nitrogen adsorption and desorption isotherms of the
produced hydrochars.

For the biotests, dry matter was determined by drying
subsamples at 105 °C for 12 h. The ash content of the
dry matter was obtained after ignition at 550 °C. Elec-
trical conductivity and pH were measured in a 1:10
biochar water mixture, after shaking at 150 rpm for

15 min. Rice husk and carbonized products were ana-
lyzed for total C, H, and S content with an elemental
analyzer (Vario EL III, Elementar, Germany). Total P
and Kjeldahl-N were derived after acid digestion using
a selenium catalyst. Flow injection analysis was applied
to measure NH4

+-N.
Phenols (phenol, cresol, catechol) and furfurals (fur-

fural and hydroxymethylfurfural (HMF)) were quantified
using high-pressure liquid chromatography (HPLC,
Dionex™ ICS-3000, Thermo Scientific, US). Ten grams
of solid samples was homogenized and dispersed in dis-
tilled water (Heidoph DIAX 900, Schwabach, Germa-
ny). Then, the samples were extracted via steam distil-
lation (Gerhardt Vapodest 20, Königswinter, Germany).
From the liquid samples of the washing steps with ac-
etone and water, only those of the wash water could be
analyzed. The samples were filtrated with PTFE syringe
filter (Neolab PTFE 0.2 μm green, Heidelberg, Germa-
ny) prior to measurement. For the measurement, sampler
temperature was set to 10 °C and the volumetric flow
rate to 1 ml min−1, and materials were separated using a
C18 column (Knauer Eurospher II, 150*4 mm with
precolumn, Berlin, Germany), which was set to 23 °C.
Eluents were ultrapure water and acetonitril ultrapure
water mix (1:1). During the run, the composition of
the solvent was adjusted at several steps (multistep
gradient).

Test organism

C. elegans, a free-living bacterivorous nematode with 1-mm
length, was introduced as model organism by Brenner (1974).
It is very suitable for biological research due to its complete
sequenced genome and its easy handling. C. elegans lives in
composts in moderate climate zones, within a temperature
range between 4 and 30 °C (Kiontke and Sudhaus 2006).
Other advantages of this model organism are the low cost
for strains and the short life cycle reaching sexual maturity
within about 5 days.

Wild-type strain N2 (var. Bristol) and transgenic GFP
strains, except of the Pcyp35A3::GFP strain, and the
Escherichia coli strain OP50 were obtained from the
Caenorhabditis elegans Center CGC (University of Minneso-
ta) and cultivated in the Laboratory of Freshwater and Stress
Ecology of the Biological Department at Humboldt-
Universität zu Berlin. The Pcyp35A3::GFP was constructed
and provided by Dr. Ralph Menzel, Humboldt-Universität
zu Berlin. The transgenic strains contain a DNA sequence of
the GFP protein ligated downstream of the target gene pro-
moter. All strains were pre-cultivated on nematode growth
medium (NGM) agar plates and fed with Escherichia coli
strain OP50 ad libitum.
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Positive controls of GFP strains

For the monitoring of the response to different contaminants,
several genetically modified strains of C. elegans were ex-
posed to selective chemical and physical stressors. The puta-
tive function of the respective reporter genes of the different
strains with regard to responses to the selected stressors is
reflected by the resulting fluorescence marked with a plus
sign, as identified by visible inspection (Table 1). The putative
functions of the proteins of the genes tested are listed below in
Table 3.

Each strain has a green fluorescent protein (GFP) vector
located in a region (mainly in the promoter region) of the
specific genes given in Table 1, while the gene is regulated,
also the GFP is synthesized. Under a fluorescent microscope,
the nematode glows green. Positive controls (chemical and
physical model stressors; Table 1) were used to validate in-
duction of a specific genetic construct as reported by Menzel
et al. (2001). Nematodes at all developmental stages were
exposed to the test substances given via food bacteria for 24
to 48 h and approximately 100 individuals per test were
inspected. The fluorescent signal was visualized via a
Keyence digital microscope camera with a GFP filter (Kosel
et al. 2011). Non-exposed strains of the nematode were ana-
lyzed for auto-fluorescence and served as the negative control.
By visual inspection, the response of exposed worms was
monitored in a BYes/No^ manner (Fig. 1). For the GFP exper-
iments, 80–100 harvested eggs were pre-exposed to the test
substrates and worms grew for 24 to 48 h. Only one NGM
plate was used for inspection in Yes/No manner.

Synchronization and exposure scenario

Pre-cultivated and well-fed individuals of all GFP strains were
synchronized through egg preparation according to Strange
et al. (2007) with sodium hypochlorite (Sigma-Aldrich,
Taufkirchen, Germany). This method implicates dissolving
the worm’s membrane and structure in a sodium hypochlorite
solution. Between 1000 and 3000 eggs were washed and

placed on the exposure agar plate. Larvae grew for 52 h until
young adults on seven different substrates and one negative
control. Then, the worms were harvested and washed with
cold M9 buffer from the NGM plates and collected in 1.5-ml
Eppendorf tubes.

RNA preparation and cDNA synthesis

At the first day of adulthood, the nematodes were harvested by
rinsing with M9 buffer, washed at least three times, shock
frozen in liquid nitrogen, and stored at −80 °C. Samples were
cultivated in triplicates. The samples were homogenized with
0.5-mm glass beads in a SpeedMill Plus (AnalytikJena, Ger-
many), and thereafter, the RNA was extracted using the
innuSPEED Tissue RNA kit (AnalytikJena, Germany). The
extracted RNAwas examined by gel electrophoresis and then
quantified with a spectrophotometer. The complementary
DNA (cDNA) synthesis was carried out with approximately
1500 ng ml−1 of RNA and the M-MLV revertase (Harris et al.
2010) (Promega, Madison, USA).

qRT-PCR

Gene transcription analysis was performed with cDNA
samples according to the given instructions of the qRT-
PCR green core kit (Jena Bioscience GmbH, Jena, Ger-
many). The cDNA concentrations of all samples were
normalized by using the two reference genes act-1 and
cdc-42. Hereby, the mean threshold of both genes
established the calculation of the dilution factors for all
samples. Subsequently, a final normalization qRT-PCR
was performed with the reference gene act-1, to which
all following PCR data were referred to.

Statistics

Gene transcription studies were carried out in three bi-
ological replicates and data is shown as means +/− stan-
dard error of means (Fig. 2). Changes in transcript

Table 1 GFP strains of C. elegans and response to selected chemical and physical stressors to prove their suitability

Reporter gene/strain Trigger

UV, X-rays β-naphthoflavone PCB52 H2O2 Heat stress Chlopyrifos Atropine Abamectin Furfural Toluene

cyp-35A3::gfp + +

gst-4::gfp/CL2116 + + + + + +

sod-3::gfp/CF1553 + + + + + + +

hsp-16.2::gfp roller

hsp-4::gfp/SJ4005 +

daf-16::gfp/roller TJ356 + + + +

Fluorescence is marked with plus sign for visual proof of reactions toward trigger

Environ Sci Pollut Res (2015) 22:12092–12103 12095



abundances were determined by the computer software
Bio-Rad IQ5, and significance of the results were
checked in two ways: (1) They were considered signif-
icant if they were at least by a factor 2 different from
the control level of 1 (>2.0-fold in upregulations and
<0.5 fold in downregulations); (2) a one way ANOVA
was performed with Sigma Stat at significance level of
p<0.05.

Results

Chemical characterization of hydrochars
and the feedstock

Hydrothermal carbonization by dehydration yielded chars
with enhanced contents of carbon and ashes as expected,
resulting in reduced hydrogen content (Table 2). The

Fig. 1 Left: fluorescing
Pcyp35A3::gfp C. elegans
individual exposed to β-
naphtoflavon. Right: the same
worm to show its morphological
features. Photographs: R. Menzel

Fig. 2 Changes in transcripts of
cyp (a), gst (b), and sod (c) genes
in the C. elegans sod-3::gfp strain
exposed to applied hydrochars as
compared to untreated controls.
Data are means of four values±
SEM. Significance at p<0.05 is
marked with asterisks. Data are
considered significantly different
from the control if different by a
factor >2.0. Additionally, asterisk
indicates significantly different
from the control at p<0.05
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temperature of the carbonization process clearly affected the
contents of nitrogen and phosphorus in the two chars. Carbon-
ization at 200 °C decreased the P content and the NKjel con-
tent. This may be explained by acid hydrolysis of P and N
compounds, since the pH was 3 units below that in the 300 °C
carbonization (Table 2). The rice husk contained only
2.4 mg kg−1 furfural and no phenol, which can be considered
as a derivative of lignin. The two hydrochars contained high
amounts of the cyclic hydrocarbons like furfurals and phenols
before they were treated by washing. Of the compounds under
study, HMF, furfural, and phenol were found in the 200 °C
hydrochar, in contrast to the 300 °C hydrochar, where only
phenol but no furfurals could be detected (Table 2).

Alteration of hydrochars by washing

The washing of the two chars in acetone dissolved the
particulate matter resulting in weight losses of 35 %
(200 °C) and 57 % (300 °C) as reported by Kalderis
et al. (2014). This loss can be attributed primarily to the
removal of carbon and nitrogen compounds, as evidenced
by the decreases in carbon content and Kjeld-N between
between 9 to 29 % after washing with acetone and water
(Table 2). Furthermore, the washings changed the charge
of the chars as reflected by their pH values. Before wash-
ing, they were quite disparate, 3.95 (200 °C) and 7.72
(300 °C), while after washing, they were in the same
range, 4.70 and 4.61, respectively. This corresponds to

the strong decrease of the electrical conductivity after
washing (Table 2).

Cyclic hydrocarbons, which are known to be produced
during HTC, have been removed to high degrees between
79 and 96% (Table 2). Some of the removed compounds were
found in the aqueous washing water. In the first water fraction
of the 200 °C hydrochar, HMF and furfural were found at high
concentrations, whereas the wash water of the 300 °C
hydrochar contained only catechol and cresol (Table 2). The
lack of phenol in the aqueous washing water of both chars
must be caused by the complete removal in the first washing
step with acetone, which could not be analyzed by the HPLS
system applied. The second wash water fraction did not con-
tain any of these chemicals.

Application of GFP strains

Positive controls

All tested GFP strains except the hsp-16.2::gfp strain
responded to at least one chemical or physical trigger
(Table 1). The putative functions of the proteins of the genes
tested are listed in Table 3. For instance, PCB52 and β-naph-
thoflavone, well-known agonists of the aryl hydrocarbon re-
ceptor, induced fluorescence intensity of the cyp35A3::gfp
strain with the latter chemical being more potent. Exposed
worms showed green fluorescence particularly in the intestine
(Fig. 1). The hsp-4::gfp strain responded to atropine exposure

Table 2 Chemical properties of rice husk, char substrates, and wash water fractions

Rice husk Hydrochars Wash water

200 °C 300 °C 200 °C 300 °C

Raw Unwashed Washed Unwashed Washed 1st fraction 2nd fraction 1st fraction 2nd fraction

DM (105 °C) % FM 93.5 95.4 97.4 96.4 98.5 0.06 <0.01 0.06 <0.01

Ash content % DM 19.4 24.3 25.7 29.2 37.2

pH 6.17 3.95 4.70 7.72 4.61 4.57 5.45 4.61 5.92

Conductivity mS cm−1 0.61 0.83 0.05 1.16 0.04 0.13 0.022 0.17 0.018

Carbon % DM 39.98 45.37 41.34 52.37 46.30

Hydrogen % DM 5.86 4.21 4.20 3.28 2.85

Sulfur % DM 0.14 0.16 0.13 0.16 0.14

Phosphorus mg kg−1 DM 618 389 <5 613 471

Kjeld-N mg kg−1 DM 3,628 3,572 2,524 5,621 5,098

NH4-N mg kg−1 DM 65.9 15.5 30.4 29.0 n.d.

HMF mg kg−1 DM n.d. 14.2 0.6 n.d. n.d. 875,248 n. d. n. d. n. d.

Furfural mg kg−1 DM 2.4 282.0 58.5 n.d. n.d. 80,769 n. d. n. d. n. d.

Phenol mg kg−1 DM n.d. 324.3 12.0 666.6 79.2 n. d. n. d. n. d. n. d.

Cresol mg kg−1 DM n.d. n.d. n.d. n.d. n.d. n. d. n. d. 68,359 n. d.

Catechol mg kg−1 DM n.d. n.d. n.d. n.d. n.d. n. d. n. d. 322,310 n. d.

n.d. not detectable
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and gst-4::gfp to a variety of chemicals as well as heat. Also,
daf-16::gfp responded to a variety of challenges, however,
most prominently to heat stress. Overall, the selected GFP
strains appeared to be applicable as monitoring tools for the
positive control stressors selected in this study, with the ex-
ception of hsp-16.2::gfp. The strains gst-4::gfp and sod-3::gfp
were the most responsive overall with six to seven positive
reactions after chemical or physical challenges.

Exposure to hydrochars

Surprisingly, the green fluorescence signals of worms exposed
to hydrochars were very weak and could most often not be
distinguished from the GFP zero control individuals (Supple-
mentary Fig. S1 and Fig. 2).Weak fluorescence signals in both
the excretory cells and pharynx were most likely indicative of
the constitutive activity of excretion and pumping. Excretion
depends, at least partly, on GST activity. It is understood that,
besides a major function in sperm maturation and migration
(Kubagawa et al. 2006), the GST encoded by gst-4 is also
responsive to synthetic xenobiotics (Tawe et al. 1998).

No GFP strain responded to any hydrochar and rice husk
exposure, as the transcription of none of the reporter genes
was increased after the worms were exposed. Consequently,
transcription studies of the corresponding genes should shed
light onto this unexpected phenomenon.

Gene transcription of selected genes

Gene transcription studies with the sod-3::gfp strain resulted
in a significant downregulation of all selected genes with all
hydrochar samples. Nearly all downregulations were consid-
ered significant, since the values fell below 0.5 times-fold of
the standard transcription (Fig. 2 and Table 3, grey fields).
Only two glutathione transferase genes, namely, gst-9 and
gst-38, and one cytochrome gene (Fig. 2) tended to be upreg-
ulated by the unwashed 300 °C HTC.

The worms did not upregulate the superoxide dismutase
gene; instead, nearly all exposure downregulated it (Fig. 2).
Upon exposure to the unwashed 300 °C hydrochar, the re-
sponse of the nematodes is almost like the control (Fig. 2
and Table 4).

Discussion

Since char substrates adsorb inorganic and organic contami-
nants (Agrafioti et al. 2013; Pellera et al. 2012), upregulation
of stress-responsive genes in nematodes exposed to husks and
hydrochars was expected. In particular, upregulation of bio-
transformation or oxidative stress genes was expected. How-
ever, the most significant result of this study was the reduced
transcription of the studied stress-related genes in nematodesT
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exposed to both the rice husks and their processed hydrochars.
We exclude artifacts because other transcription studies with
different exposure chemicals simultaneously carried out in the
same laboratory revealed significant upregulation of core anti-
stress genes (Höss et al. 2013; Liu et al. 2013). Furthermore,
this surprising reduction of the transcription of genes agrees
well with the lack of inducible fluorescence of the GFP strains
exposed to husks and hydrochars. Only weak constitutive
fluorescence signals occurred, mainly in both the excretory
cells and pharynx. These signals were most likely indicative
of the constitutive activity of excretion and pumping. Excre-
tion depends, at least partly, on GST activity. It is understood
that, besides a major function in sperm maturation and migra-
tion (Kubagawa et al. 2006), the GSTencoded by gst-4 is also
responsive to synthetic xenobiotics (Tawe et al. 1998).

The pharynx is a neuro-muscular pump in the head of the
animal; its activity is energy demanding. Energy, in turn, must
be provided by activation of oxygen activation. To reach re-
dox homeostasis, reducing substrates or reducing (including
dismutating) enzymes, such as super oxide dismutases, is re-
quired. Therefore, a weakly fluorescing pharynx in sod-3::gfp
individuals should not be considered as an indication of oxi-
dative stress; rather, it is indicative of an active worm. The
used GFP constructs, however, responded well to classical
triggers (Fig. 1 and Table 1). This is further evidence that
artifacts can be excluded.

It is surprising that even the cep-1 gene analog homolog to
human anticancer P53 was downregulated by all hydrochars
and the feedstock (Table 4). This finding contrasts a previous
study that showed that the tested hydrochars provoked an
inverse biphasic response of the gene transcription in
C. elegans (Chakrabarti et al. 2011). However, the feedstocks
used in this and the Chakrabarti et al. (2011) studies were
different: poplar wood in the previous study and rice husks
in this study. The second downregulated gene, daf-21, en-
codes for a member of the HSP90 family of molecular chap-
erones (Table 4). DAF-21 activity is required for larval devel-
opment, inhibition of dauer larva formation, and a number of
specific chemosensory behaviors. Phenotypic life trait vari-
ables such as chemotactic behavior or lifespan were not eval-
uated in this study. Therefore, it could not be assessed how the
down-regulation of daf-21 could have affected these life traits;
however, life span could have been adversely affected,

because it is understood that daf-21 is also part of a chaperone
network required for the extended life span (Harris et al.
2010).

Furthermore, it is noteworthy that even the feedstock,
namely, untreated rice husks, significanlty reduced the tran-
scription of cyp-14A2, cyp-14A5, cyp-34A9, cyp-35A3, cyp-
35B1, gst-9, sod-1, sod-3, sod-5, cep-1, and daf-21 (Fig. 2 and
Table 3). Therefore, the following discussion explores (1)
which trigger of the husks and their hydrochars might have
been the cause for this downregulation, and (2) whether the
downregulation might represent a Bsmart^ energy-saving
strategy unique to C. elegans. Usually, the biotransformation
of xenobiotics and the reduction of oxidative stress are cost-
intensive, and its products may even lead to deformities in
developing organisms (Arzuaga and Elskus 2010). Therefore,
the downregulation of corresponding genes and metabolic
pathways save energy that may be provided for other life
traits.

Identification of potential causative agents in char
substrates

An interesting trend was found in the different solids and
liquids under study. In the feedstock, the unwashed and
washed chars, as well as in the wash water, all compounds
targeted by this study were present. Furfurals occurred in the
raw rice husk, the 200 °C hydrochar, and the 200 °C first wash
water, whereas phenol was present in both hydrochars and
catechol and cresol in the 300 °C first wash water. These
results are in accordance with previous reports (Knicker
et al. 2007 and references therein) who reported a change in
formation of volatile compounds with enhanced temperature
during pyrolysis. Generally, lower temperatures resulted
mainly in furfural and HMF, and higher temperatures in phe-
nol and catechol.

From the few available ecotoxicological studies with com-
pounds from wood degradation, furfurals appear to be the
most toxic ones (Wang et al. 2014). However, they are not
likely candidates responsible for the downregulation of the
tested genes in the C. elegans sod-3::gfp strain, because they
do not occur in all exposures that cause the downregulation of
the transcription. The lack of phenol in the aqueous washing
water of both chars must be caused by the complete removal

Table 4 Changes in the transcription of further stress-responsive genes of C. elegans after hydrochar exposure of the sod-3::gfp strain to rice husk,
their char products, and the wash water

Raw rice Unwashed 200 °C
HTC

Washed 200 °C
HTC

Wash water 200 °C Unwashed 300 °C
HTC

Washed 300 °C
HTC

Wash water 300 °C

cep-1::gfp roller 0.121 0.403 0.538 0.545 0.876 0.243 0.768

daf-21::gfp roller 0.422 0.835 0.906 0.746 0.833 0.298 1.013

Significant downregulations are indicated by values <0.5
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in the first washing step with acetone, which could not be
analyzed by the HPLC system applied.

Although natural xenobiotic compounds such as phenols
have been identified as potent allelochemicals even in unpro-
cessed rice tissues (Kong 2008), phenols and furfurals were
reduced considerably. Some residual content of these com-
pounds could be found in the wash water of the chars, but a
clear relationship between the presence of phenols and furfu-
rals in the solid and the liquid phase is missing. The washing
process was carried out in three steps: The first wash was
conducted with acetone, then two times with distilled water
to remove the acetone. Polar compounds like furfural can be
easily washed out with water.

The washed and unwashed 300 °C hydrochars contained
more phenol than the 200 °C hydrochars (Table 2). In the
feedstock, however, no phenols, cresol and catechol, and only
a small amount of furfural could be detected; instead, rice
plants are well documented to possess a variety of
allelochemicals, such as phenolic acids, cytokinins, alkyl res-
orcinols, momilactone B, flavonoids, and steroids (Kong 2008
with references therein). They may have acted as the causative
agents also for the observed downregulation of anti-stress
genes of C. elegans in this study. Phenols have been shown
to have significant toxic, mutagenic, or carcinogenic poten-
tials (Michałowicz and Duda 2007). However, phenols oc-
curred only in several, but not all exposures that caused the
downregulation and are unlikely to be the causing agent. The
same applies to furfural and HMF.

The identification for the causative agents that induced the
observed downregulation of the anti-stress genes gets even
more complex, since in a simultaneous study with two disin-
fection by-products, namely, dibromoacetic acid (DBAA) and
N-nitrosodimethylamine, revealed that exposure to environ-
mentally relevant concentrations of these two compounds
leads also to significantly reduced transcription of the same
anti-stress genes (Baberschke et al. 2015). In addition, DBAA
exposure led to eased growth and lifespan in C. elegans (Saul
et al. 2014). These findings indicate that the C. elegans ap-
pears to apply this downregulation as a kind of anti-stress
strategy. Future studies should include variables on vitality
of the nematodes, such as lifespan, growth, or reproduction,
in order to discover indications of the underlying mechanisms
of this kind of stress response and of whether the saved energy
is spent on other life traits.

Instead of the observed downregulation of cep-1, an upreg-
ulation by the feedstock rice husks and unwashed hydrochars
could have been expected, since both hydrochars contain mu-
tagenic phenol. Since this was not observed, a possible reason
might be that extraction of the hydrochars with NaOH was
incomplete with regard to capturing this compound. It is also
possible that with the washing method utilized by this study,
not all substances that were adsorbed to the hydrochars were
removed or could be detected.

How common is the downregulation of stress genes
in exposed organisms?

It is still a matter of discussion why a downregulation of the
tested stress-response genes occurred. In general, organisms
exposed to abiotic stressors react by an immediate general and
a delayed specific response. The initial transcription com-
prised a set of core environmental stress response genes,
which, by adjustment of the energy homeostasis, have a cru-
cial role in various stress responses. During this initial phase,
many genes primarily related to metabolic processes like cat-
alytic and hydrolytic activities as well as peptidase activity are
downregulated (Sørensen et al. 2005). Later, a much more
specific response counteracts the stress and its potential dam-
ages by upregulation of chaperones and enzymes and proteins
of the different biotransformation phases (Sørensen et al.
2005; Zhang et al. 2012), often combined with increased tran-
scription of anti-apoptosis genes (Zhang et al. 2012).

It is well understood that C. elegans responds extensively
on the biomolecular level to environmental stressors such as
xenobiotic chemicals (Ju et al. 2013; Menzel et al. 2005a, b;
Roh and Choi 2011), whereby cyp genes in general, and cyp-
35 in particular, are highly responsive to natural (Menzel et al.
2005b) and synthetic xenobiotics (Menzel et al. 2005a; Roh
and Choi 2011). These genes belong to the core of specific
defense responding to any organic chemical challenges. This
assumption is supported by a whole genomic DNA microar-
ray study with C. elegans exposed to different contaminated
German river sediments. After exposure to Rhine sediments,
most of the differentially expressed genes of C. elegans were
downregulated (Menzel et al. 2009). However, these genes
comprised energy metabolism, but not the biotransformation;
instead, the latter genes were upregulated. In the current study,
the identical exposure and RNA extraction protocols as in the
previous studies were applied. Hence, the observed differ-
ences are unlikely to methodological differences.

From vertebrate toxicology, it is well understood that partic-
ularly the activity of biotransformation enzymes, such as cyto-
chrome P450 monooxygenases, can transform relatively harm-
less parent compounds into potentially harmful (toxic, muta-
genic, carcinogenic) products (Castell et al. 2005; Pelkonen
and Nebert 1982). More recent findings expanded this knowl-
edge even to invertebrates, such as Chironomids (Schuler et al.
2004) and C. elegans (Menzel et al. 2005a). Furthermore, there
is environmental evidence demonstrating that populations
inhabiting contaminated sites reduce the transcription and ac-
tivity of biotransformation enzymes, thereby avoiding the
bioactivation of synthetic xenobiotics and the formation of
harmful metabolites. This has convincingly been shown with
the Atlantic killifish, Fundulus heteroclitus L., surviving and
reproducing even on Superfund sites at the US east coast (Fish-
er and Oleksiak 2007; Meyer and Di Giulio 2002). Very recent-
ly, the same strategy has been discovered in populations of the
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Gulf killifish, Fundulus grandis Baird & Girard, from the
Houston Ship Channel, TX, USA (Oziolor et al. 2014).

In addition to the fishes, a similar phenomenon appears to
apply also to C. elegans exposed to dibromoacetic acid
(DBAA) and N-nitrosodimethylamine (NDMA) as evaluated
in a recent study (Baberschke et al. 2015). Both xenobiotics
usually develop as inadvertent disinfection by-products dur-
ing water treatment processes and are classified as toxic and
carcinogenetic to vertebrates (Richardson et al. 2007). How-
ever, applying environmentally realistic concentrations of the
compounds individually and in mixtures led to a downregula-
tion of major stress-responsive genes (cyps, gsts, sods, ctl),
whereas no stress-responsive gene was upregulated. Since
stress defense is energy demanding, this downregulation
could represent a type of energy-saving tactic, and, in case
of the study by Baberschke et al. (2015), the saved energy in
the exposed nematodes appeared to have been spent for body
maintenance (longevity and growth) (Saul et al. 2014).

In conclusion, the chemical triggers inducing energy-
savingmode inC. elegans in this study remain to be identified
and may originate from different classes of xenobiotic
chemicals. Nevertheless, it seems plausible that the
hydrochars tested in this study switched on the same mecha-
nism. If this assumption holds true, the ecotoxicity of
hydrochars should be evaluated by another test model and
should also be considered in the context of the feedstock with
its own allelopathic effects; the nematode C. elegans has ob-
viously developed a strategy to occasionally avoid intoxica-
tion and saves energy for major life traits.
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