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Effects of aeration rate on the cornstalks used for filtration of ﬂ
anaerobically digested manure centrate direct composting EEi
process: Maturity and gas emissions

Yun Li*', Shuni Xu®’, Yanling Chen?, Xiaohan Zhang ", Xiaomin Xie **"

* College af Resources and Ervironmentnd Sclemces, Qingdeo Agricultural Universiny, Qingdao 366108, Cima
b School af Envirormental Science and Engineering Shandong Dniversity, Qingdoo 266237, China

ARTICLE INFO ABSTRACT

Article histary: This study aimed to clarify the effect of the aeration rate on the maturity and gas emis-
Recetved 19 April 2023 sion during the direct composting process of the cornstalks for ADMC filtration under
Received in revised form 10 July 2023 three aeration rates of 0.05 (R1 0.05), 0.1 {R2 0.10), and 0.15 (R3 0.15) m*/m® min for
Accepted 20 July 2023 the 21-day composting experiment. The results showed that the temperature of R3(0.15)
Available enline 26 July 2023 treatment was lower than the others during composting. All treatments could maintain
Keywards: high temperatures | =50 “C) for more than 5 days, meeting the Chinese national standard
Compast for organic fertilizer production. The cumulative C0> emission of the R1{0.05) treatment
Aeration rate was the highest, which was 3659 and 33.04% higher than the R2{0.10) treatment and
Maturiry R3[0.15) treatment, respectively. R1(0.05) treatment is not conducive to N3O emissions,
Gas Emission and R3(0.15) treatment is not conducive to CH, emissions. The cumulative emissions

of MH:z and sulfur-containing odor in the R1[0L05) treatment were the lowest, and
the cumulative emissions of Ha5, CaHeS, and CO% in the R3(0.15) treatment were the
highest. Based on the comprehensive comparison, the recommended aeration rate for
the cornstalks after the ADMC filtration direct composting is 0.05 m*/m* min. The results
can provide a theoretical basis and measures for the process parameters of the cornstalks

for ADMC filtration direct composting.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license [ http: | [creativecommaons.org, licenses/by- ne-nd 4.0/

1. Introduction

Global solid waste production will reach 6 million tons daily by 2025 (Wang et al., 2021). The Chinese government has
issued relevant policies on the resource utilization of solid waste and improved treatment technology and equipment to
promote the green development of agriculture. At present, the yield of corn straw in China is 2.64 billion tons per year
(Ren et al, 20200, Corn straw is often used as a filter medium because of its low cost, large yield, and fibrous structure,
Moreover, it has been recorded that 3800 large-scale anaerobic digestion plants with an adequate reactor volume of
more than 500 m® were in China by the end of 2007 (Du et al,, 2019). Therefore, a large number of the Cornstalks for
filtering anaerobically digested manure centrate (ADMC) need to be reused to reduce environmental pollution. Cornstalks
for filtering ADMC is a kind of solid waste (Li et al, 2023). It is rich in various nutrients and is a degradable organic matter.
After filtering ADMC, cornstalks can be reused by composting (Li et al, 2022b). Currently, the composting treatment of

* Corresponding author at: College of Resources and Environmental Sciences, Qingdan Agricultural University, (ingdan 266109, China
E-amil address: oexiaomin@sdueducn (3 Xie).
1 These authors contribured equally to this wark.

hittps:| dodosg 1001016/ et 2023103305
2352-1864 0 2023 The Authors. Published by Flsevier EX. This is an open access articke under the OC BY-RC-ND license {hrrp:/ fcreatvecammons.
orglicensesby- nc-nd [4.0/)
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High-Value Processing and Utilization for Digested Manure Effluent
Treatment: Advances and Challenges
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Abstract

Purpose of Review Digested manure effluent is a potential resource for the production of liquid organie fertilizer and reused
waler. The purpose of this review 15 o provide a comprehensive understanding on the advances and challenges to high-value
processing and utilization for digested manure eMuent treatment.

Recent Findings The main problem that restricts the utilization of digested manure effluent is that there is not enough land
for consumption. Reasomable and efficient reatment of digested manure effluent 15 the key o promoting healthy development
and sustainable operation. Digested manure efMuent can increase yield, improve guality, and enhance the stress resistance
of crops. In addition, digested manure effluent can also be used in seed soaking and feed applications. Membrane treatment
technigues for the concentration of digested manure efMluent can recover water and produce higuid fertilizer. It mainly includes
pressure-driven membrane, osmotic-driven membrne, membrane distillation, and their combined technologies. However,
membrane concentration of digested manure effluent still has challenges such as high cost and membrane fouling that restrict
development. Thus, several potential approaches have been proposed o address these challenges. These approaches can be
largely classified as pretreatment, process optimization, and government-guided source control.

Summary In this paper, we crinically reviewed the properties and utilization of digested manure efluent. Meanwhile, the
performance of different membrane concentration processes was provided. Furthermore, key lechnical challenges of high-
value processing and their polential countermeasures were delineated.

Keywords Digested manure effluent - Resource recovery - Utilization « Membrane treatment

Introduction and other substances, which may canse serious pollution 1o
ecological health.
With rapid economic development, imtensive and large-scale Ax present, anaerobic fermentation technology is widely

livestock and poultry breeding have become an important  wsed in the field of manure treatment. In a closed anaero-

part of agricultural production. The total output of manure
in China exceeds 4.2 billion tons each year. However, the
related pollution prevention and treatment is relatively lag-
ging. In addition, manure contains heavy metals, antibiotics,

This article is pant of the Topical Collection on Warer Pollurton
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bic environment, anaerobic fermentation 15 the process of
prodlucing methane from organic matter through the meta-
bolic activities of various anserobic microorganisms [1].
Anaerobic fermentation can not only reduce the amount of
manure but also generate clean biogas energy, which is of
greal significance for solving manure pollution and protecting
the ecological environment [2]. There are nearly 5000 large-
and medium-sized biogas plants in China, and the number
of rural biogas projects is nearly 100,000, In addition, the
Chinese government has formulated a senes of policies and
regulations o promote the utilization of biomass energy. Al
the same time, raditional energy sources such as coal and ol
are becoming increasingly depleted and accompanied by pol-
lution. Therefore, the use of biogas projects w develop bio-
Mdss ENErgy s a necessary way o adjust the enengy structure.

@ Springer
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Filtration with cornstalks as a pre-treatment
re s v e ne POCESS tO control membrane fouling in the

Technol, 2022.8, 1011 concentration of biogas slurry: performance,
mechanism and economic analysist

Yun Li, @ Shuni Xu,® Mingcan Zhao,® Yuan Song,® Zhigi Wang® and Xiaomin Xie**

Anaercbic fermentation produces biogas slurry as a by-product of clean energy, which poses a severe
challenge for the sustainable management of Ivestock farms. Clean water can be obtained and nutrients
can be enriched through membrane treatment of biogas slurry. Membrane processes without pre-
treatment cause serious membrane fouling. In this study, three different densities of cornstalk filling were
selected to filter biogas slurry and the impact of the pre-treatment on the subsequent membrane process
was studied. The results demonstrate the techno-economic feasibility of filtration with comstalks as a pre-
treatment for membrane concentration. Control of membrane fouling after cornstalk filtration was
achieved by intercepting suspended solids in the biogas slurry. Filtration through the high density (150 kg
m'* packing material had the best filtering effect In particular, the best removal rates of TP, turbidity, and
COD in the biogas slurry after filtration with cornstalk were more than 60%, 50%, and 25%, respectivety.
Received 19th January 2022, Resistance of the mud cake layer accounted for more than 80% of the total membrane resistance during
Accepted 25th February 2022 the brane it. The ad ion of pollutants inside the membrane pores is the main mechanism
of membrane pore blockage. Membrane treatment after filtration would be more economically favorable
than direct membrane treatmert in practical applications despite the increased cost of using comstalks.

DOI: 10.1039/d2ew00051b

rsclifes-water This study provides a technical reference for the high-value utilization of biogas slurry.
Water impact
mmwmpmiuﬁt icultural and reuse. However, the membrane process without pretreatment causes seriots
mmmmmy, the tech ic feasibility of concentrating biogas shurry wia filter pretreatment by highlighting the
i over ditect by ing. This study provides a low-cost techni to manage biogas slurry for sustainable
agriculture.
1. Introduction slurry, poses a severe chall for the inabl

of livestock farms.* The unllunon methods of biogas slurry are
Anacrobic fermentation is an cﬁclctivc means for the treatment oo 0009 mainly include natural purification, factory pro-
of livestock and poultry manure,” and it produces by-products cessing, and high-value utilization.*® As a form of high-value
such as biogas residue and biogas slurry while producing clean  yijizarion, membrane treatment has become a wide public con-
energy.™' The solid part, ie. the biogas residue, can be easily .o over the recent years™® Clean water can be obtained and
used as an organic fertilizer, while the liquid part, Le. the biogas nutrients in biogas slurry can be enriched through membrane

treatment. H , the position of biogas slurry is com-
plex and the contcnt of suspended solids is o hngh.‘" ! Mem-
* College of Resources and Environmental Sciences, Qingdao Agricultural brane without p can cause serious mem-
mm:mg. Qingdao 266109, China branc fouli Therefore, it is v to large
agdong al Key L 'y of Agri & Rural Foliuti pamclrsmblognsshmymanappmpnstcwaytomduccmbse-
’;Mgw ; ek m mghou 510642, "’"-:" iy quent membrane fouling.
266257, Chine. E-mait mmmm:am’ There have been a few studies on using sand filtration or
+ y ion (ESI) svailable. See DO 10039/  Dag filtration as a form of pretreatment before rncmbmnc
d2ewnoos1b treatment.”****  However, this pre
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e A novel nano Y,0Oz-modified biochar
composite (Y,03@BC600) was
synthesized.

* Y,0;@BC600 exhibited excellent
adsorption for oxytetracycline of
223.46 mg/g.

e Removal mechanisms of aqueous
oxytetracycline by Y,03@BC600 were
clarified.

¢ Y,0;@BC600 showed better anti-
interference ability, stability, and
reusability.

Ginger straw  Grinding

Y,0,@BC600+OTC ~ C-N (2908 em™)

—OH (1577 cm™) ~OH (1450 cm )

ARTICLE INFO ABSTRACT

Keywords: Nano Y,03-modified biochar composites (Y,03@BC600) were fabricated successfully and exhibited great
Biochar adsorption toward oxytetracycline (OTC). The Langmuir adsorption capacity of Y,O3@BC600-1:4 for OTC
Xzoi X reached 223.46 mg/g, 10.52 times greater than that of BC600. The higher dispersion of Y203 nanoparticles,
ntibiotic

increased surface area of 175.65 m2/g and expanded porosity of 0.27 cm®/g accounted for higher OTC
adsorption by Y203@BC600-1:4. Y2,03@BC600-1:4 could resist the interference of co-existing cations (Na™, K,
Mg2+, Ca2+) and anions (Cl~, NO3, SO%’) on OTC removal. Y203 coating changed surface charge property of
BC600, favoring the contribution of electrostatic interaction. Synchrotron radiation-based Fourier transform
infrared spectroscopy detected obvious peak shift and intensity change of surface -OH when OTC adsorption
occurred. Accordingly, stronger H-bonding (charge-assisted hydrogen bond, OTC-H,N*---HO-Y,03@BC600-1:4)
was proposed for OTC adsorption. Y,03@BC600 exhibited renewability and stability in the adsorptive removal of
OTC. Therefore, Y,03@BC600 may be a novel and suitable adsorbent for antibiotic removal.
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1. Introduction

Antibiotics are hailed as human guardians for widespread applica-
tion in disease prevention and treatment in clinic, livestock, and aqua-
culture (Kaur Sodhi and Singh, 2022). Increasingly countries are trying
to reduce antibiotic use, but the antibiotic market is still expected to
reach USD 1.57 trillion by 2024 (Verma et al., 2022). As incomplete
metabolism, excessive use and abuse of antibiotics inevitably incur
antibiotic residues and metabolites into natural environments (Quaik
et al., 2020). Besides, the discharge of sewage and wastes of pharma-
ceutical enterprises is one of major sources for antibiotic pollution (Xue
et al., 2022). To date, antibiotics have been widely distributed in water,
soil, sediment and air, regarding as one significant type of emerging
pollutants (Okoye et al., 2022). The antibiotics and metabolites can
cause several adverse effects on ecosystem and human health, like bio-
toxicity, intestinal microflora disturbance, and the evolution of drug-
resistant bacteria (Leichtweis et al., 2022). Therefore, it is urgently
needed to seek simple and efficient technology to eliminate antibiotics
in wastewater.

Adsorption is a common method in sewage treatment systems, owing
to its numerous advantages including high efficiency, low-cost, and
reusability (Cheng et al., 2020). Compared with commercial adsorbents
(e.g., activated carbon), biochar attracted great attention as optional
carbonaceous adsorbent material and precursor (Xiang et al., 2022). The
mechanisms of biochar for adsorptive immobilization of antibiotics
primarily involve pore filling, H-bonding, electrostatic effect, and n-n
interaction (Lu et al., 2020). Its physicochemical properties covering
porousness, great surface area, and defective carbonaceous frame favor
adsorption capacity (Hamadeen & Elkhatib, 2022). Biomass feedstock
for biochar preparation is available in abundance, for instance, rice husk
(Li et al., 2020), corn straw (Deng et al., 2022), marine algae waste
(Zhao et al., 2022) and groundnut shell (Shakya et al., 2022) were used
to prepare biochars, whose had effective adsorption removal for anti-
biotics. Different from these lignocellulosic biomass, ginger straw con-
tains higher content of alkenes, terpenes, and alcohols, which are
unfavorable for direct straw retuning to the field (Zhang et al., 2019b).
Furthermore, there is limited research regarding the pyrolysis of ginger
straw into biochar for pursuing agronomic and environmental benefits.

In recent years, various modification could be done to enhance
adsorption performance and application of biochar materials, including
acid/base soaking (Ahsan et al., 2018; Yao et al., 2020), oxidant treat-
ment (Yao et al., 2021), gas activation (Liu et al., 2022), and oxide
coating (Qiu et al., 2022). The method of coating metal or metal com-
pounds, like nano iron (Hasan et al., 2020), iron oxide (Xie et al., 2021),
zinc oxide (Yang et al., 2022), and layered double hydroxide (Fe/Al)
(Tang et al., 2023), was considered a relatively better choice. The
improvement of adsorption capacity was primarily attributed to the
increase of pore structure and surface area and the change in surface
charge. Yttrium oxide (Y203) is widely used in electronic and optical
materials because of its physicochemical stability and unique spectros-
copy (Guo et al., 2004). Over the lifecycle of Y03 products, recycling
Y203 waste and the wastewater containing yttrium ions deserves
attention greatly. The synthesis of Y,Os@biochar composites using
yttrium-containing and biomass wastes may be a feasible strategy for
sustainable industry. Point of zero charge (PZC) of Y503 was ~7.5-8.0
(Charisiou et al., 2020; Zhang et al., 2013), higher than that of common
crop straw-derived biochars (~2-5.5) (Chen et al., 2022; Wang et al.,
2007). In aqueous phase, Y203 modification will alter surface charge
properties of biochar, and thus influences electrostatic interaction with
targeted contaminant. Besides, Y203 as metal oxide easily forms ligands
with water molecules in solution, leading to hydroxylation of the oxide
surface (Lamiri et al., 2015), and Y203 can provide three hydrogen bond
acceptors basing on its chemical formula. Y503 coating is therefore
capable to introduce more adsorption sites onto biochar particles.
Overall, nano Y,03-modified biochar is believed to have good antibiotic
adsorption performance, benefitting from complex mechanisms.
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The present work therefore developed nano Y,Os-coated biochar
composite by one step pyrolysis under oxygen limiting condition to
adsorb antibiotic. Oxytetracycline (OTC) is a type of tetracyclines, the
global second largest antibiotic in production and use (Leichtweis et al.,
2022), and it was selected as target antibiotic contaminant. Batch
adsorption kinetic and isotherm were carried out to explore adsorption
process and capacity of sorbents toward OTC. The impacts of solution
pH and coexisting ions on OTC removal were further investigated.
Combined with the characterization of physicochemical properties of
Y203-modified biochar, possible adsorption mechanisms were analyzed
and proposed. Using the biochar-based adsorbent is not only conducive
to control antibiotic pollution, but also provides a green and high-added
value way for resource utilization of organic wastes.

2. Material and methods
2.1. Chemicals and materials

The starting feedstock for preparing biochar was ginger straw, which
was collected from the farmlands of Shandong province, China.
Oxytetracycline hydrochloride (OTC, purity > 98%) was purchased
from Shanghai Aladdin Reagent Co. Ltd., China, and other chemical
regents (YCls, NaCl, etc.) were analytical grade.

2.2. Preparation and characterization of adsorbents

Y203-loaded biochars were prepared by the following procedure.
The ginger straw was naturally dried, mechanically pulverized, and
sieved below 50 mesh (0.28 mm). Then, the powder of ginger straw was
soaked in YCl3 solution with the mass ratio of Y element to biomass
feedstock of 1:19, 1:9, and 1:4, and the slurry was desiccated at 80 °C.
The pretreated ginger straw was pyrolyzed at 600 °C for 2 h with Ny
protection. After cooling, the carbonized solid was repeatedly washed by
deionized water and lastly freeze-dried at —60 °C for gaining
Y203@BC600 samples, which were labelled as Y,03@BC600-1:19,
Y203@BC600-1:9, and Y203@BC600-1:4, respectively. For comparison,
Y203 without biomass and the biochar from ginger straw without Y
element (BC600) were produced under the same heating condition.

The morphology and microstructure of samples was observed by a
scanning electron microscope (SEM, Hitachi Regulus 8100, Japan)
coupled with EDAX Genesis apex energy dispersive X-ray spectroscopy
and a transmission electron microscope (TEM, FEI Tecnai G2 F20, USA).
The as-prepared samples were examined by Raman spectrum (LabRAM
HR800, France) with 532 nm wavelength incident laser light. X-ray
diffraction (XRD) pattern of adsorbents was conducted using a Bruker
D8 ADVANCE (Germany) instrument. The functional group properties of
BC600 and Y203@BC600 were characterized through an IRTracer-100
Fourier transform infrared spectroscopy (FTIR, Shimadzu, Japan). The
adsorbents were treated into 4-pm thin sections by a CM1860 microtome
(Leica, Germany) for recording the synchrotron radiation-based FTIR
(SR-FTIR) in BLO1B beamline of Shanghai Synchrotron Radiation Fa-
cility (Du et al., 2021). Ny adsorption—desorption isotherms of the ad-
sorbents were determined by a physisorption system (Builder SSA-7000,
China) to analyze surface area and porosity. The specific surface area
was calculated by the Brunauere-Emmette-Teller (BET) method basing
on the data of Ny adsorption isotherm. The Barrett-Joyner-Halenda
(BJH) model was used to analyze average pore diameter and pore size
distribution, and total pore volume was measured at a relative pressure
(P/Py) of 0.99. The zeta potential of BC600 and Y203@BC600 in water
solutions of different pH was measured by a Zetasizer Lab (Malvern, UK)
to analyze PZC. Thermogravimetric analysis (TGA) was performed by a
Netzsch STA449F5 instrument (German) at temperature range of
30-1000 °C with a heating rate of 10 °C/min under N, atmosphere.
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2.3. Adsorption experiments

Batch experiment system was employed to investigate the adsorption
characteristics of OTC on BC600 and Y;03@BC600. In brief, the
adsorbent samples (10-60 mg) were added into glass bottles containing
36 mL OTC solution, and then shaken at 25 °C, 150 rpm/min in a dark
environment. After the centrifugation of suspensions, the supernatants
were pipetted and filtered through 0.22-pm membrane to measure re-
sidual concentration of OTC in the filtrates. A SIL-20A HPLC (Shimadzu,
Japan) was employed to measure OTC concentration with the testing
conditions of wavelength 355 nm, C18 column, flow rate 1 mL/min,
column thermostat 25 °C and mobile phase 0.1% phosphoric acid so-
lution/acetonitrile (80%/20%) (Zhang et al., 2019a).

The kinetic experiment was performed in 40 mg/L OTC solution at
PH 6, and the bottles were routinely taken out from the shaker at 0-72 h
for OTC concentration measurement. The experimental conditions for
adsorption isotherms were as follows: solution pH 6, OTC concentration
range 10-200 mg/L, and equilibrium time 48 h. The environmental
conditions (e.g., pH and ions) affect the surface charge of adsorbent and
existing-form of adsorbate, thus affecting their contact and interact (Shi
et al., 2023). The adsorption systems containing 40 mg/L OTC were
therefore set at a series of pH values from 1 to 10 to explore the influence
of pH on OTC removal. By adjusting the concentration of Na* (0, 0.001,
0.005, 0.01, 0.03, 0.05, 0.1, and 0.2 mol/L) in OTC solution, the impact
of ionic strength on OTC sorption was investigated. The effects of
coexisting ions on OTC adsorptive removal were conducted by adding
cations (K*, Na™, Mg?*, Ca?") and anions (Cl~, CO%~, SO3~, NO3, PO3 ")
into OTC solutions, respectively. The conditions of this experiment were
kept at pH 6, each anion or cation concentration 0.1 mol/L, OTC con-
centration 40 mg/L, and equilibrium time 48 h.

In addition, the adsorption experiment was conducted in a real
wastewater from secondary sedimentation tank of sewage treatment
plant. The concentration of OTC in the wastewater was adjusted to 40
mg/L by adding stock OTC solution (1 g/L). After OTC adsorption,
Y203@BC600-1:4 was regenerated in 0.3 mol/L NaOH with solid-to-
liquid ratio of 1:4. The NaOH-regenerated Y;O3@BC600-1:4 was
washed by deionized water, dried at 80 °C, and subsequently used in the
next round of adsorption experiment. The sorbent regeneration was
repeated 5 times. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Optima 8000DV, USA) was used to detect free Y ions
in the adsorption system. All the samples were repeated three times.

2.4. Data analysis

The amounts of antibiotics adsorbed (g, mg/g) was calculated using

following equation (Eq. (1)).
Cy—C,)V
g (Co ) @
m

where Cp and C. (mg/L) are initial and equilibrium concentration,
respectively; V (L) is solution volume; and m (g) is adsorbent mass.

The sorption dynamic was fitted by the kinetic models of pseudo
first-order and pseudo second-order, Eq. (2) and Eq. (3) respectively,
and intra-particle diffusion model (Eq. (4)).

In(g. — q,) = Ing, — kit 2)
t 1 t
I 3)
9@ kg q.
g =kit'? +b “4)

where g, and g; are adsorption capacity at equilibrium time and time ¢,
respectively; ky (min_l), ko (mg/(g-min)), and k; (mg/ (g-minl/ 2)) are
rate constant of each model, respectively; b (ing/g) is intercept reflecting
the extent of boundary layer thickness.
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Langmuir (Eq. (5)), Freundlich (Eq. (6)), and Temkin (Eq. (7))
models were utilized to fit adsorption isotherms.

(o 1 C,

B Rt %)

qr quL qm
1

Ing, = InKy +~InC, (6)
n

RT
qe = jln(KTCe) 7)

where ¢y, is maximum adsorption amount; Ky, (L/mg), K ((mg/g)/(mg/
L)Y M), and Kt (L/g) are Langmuir, Freundlich, and Temkin coefficient,
respectively; 1/n is Freundlich constant representing adsorption het-
erogeneity; a (J/mol) is Temkin constant representing interaction heat
between adsorbent and adsorbate.

Basing on the fitting data of Langmuir model, separation factor (Ry)
and affinity coefficient (Kq) were calculated by Eq. (8) and Eq. (9),
respectively.

1

Rl=——
L1 KG ®
Ki= g— ©

2.5. Statistical analysis

The data were analyzed by SPSS 25.0 with one-way ANOVA, and
differences were statistically significant at p < 0.05.

3. Results and discussion
3.1. Physicochemical characteristics of adsorbents

The XRD measurement was employed to identify the species of
mineral phase in BC600 and Y,03@BC600. The ash content of BC600
was 13.22%, and its main mineral crystals were quartz (SiO,) and calcite
(CaCO3), which were detected at 26 of 20.9°, 26.7°, 36.6°, 39.5°, 50.2°
and 23.0°, 36.0°, 43.2°, 47.6° (see Supplementary material), respec-
tively. These two minerals are common in the biochars from crop straw
(Liu et al., 2020). The characteristic diffraction peaks with crystal planes
of (211), (222), (400), (440), and (622) were appeared in
Y,03@BC600, which were well matched with the standard reference of
Y203 PDF#65-3178 and the XRD pattern of pure Y203. Y203@BC600-
1:4 had the strongest XRD peaks of Y203 consistent with the mass ratio
of Y503 to BC600. The diffraction peak for Y,O3 was sharper and
stronger at 29.1° than others, suggesting the preferential growth of
crystal plane (222).

BC600 had Raman bands for disordered carbon structure at ~1347
em ™! and graphitic crystallite at ~1590 cm ™! (see Supplementary ma-
terial). Except for these two peaks, there was other Raman peak at 373
em™! in Y203@BC600-1:4, ascribing to phonon energy of Y203 (Guo
et al.,, 2004). Guo et al. (2004) also reported that Y,03 had a FTIR
transmittance peak of Y-O at ~460 em™ L. For Y203@BC600 samples,
Y-O peak overlapped Si-O peak with close FTIR wavelength for SiO, of
BC600, whereas a weak and sharp peak at ~563 cm ™! for Y-O could be
found in Yo03@BC600-1:4 (see Supplementary material). Additionally,
the FTIR peaks at 1435 and 1587 cm™! for aliphatic and aromatic
carbonaceous groups of BC600 were weaken after Y203 modification,
but an intense and sharp peak was detected at 1443 cm™!. The pure Y205
possessed sharp FTIR peaks of bonded ~-OH deformation vibration at
1400, 1520, and 1640 cm ™ (Aghazadeh et al., 2010), accounting for the
complex FTIR peak of Yo03@BC600 at this specific region. The results of
XRD, Raman, and FTIR demonstrated that crystalline Y,O3 was suc-
cessfully loaded on ginger straw biochar by direct pyrolysis method.

The zeta potential values of BC600, Y203, and Y203@BC600 were
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Fig. 1. The kinetics and fitting curves of pseudo first-order and pseudo second-order models (a) and intraparticle diffusion model (b) for OTC adsorption on BC600

and Y,0;@BC600-1:4.

tested in the solutions with various pHs. BC600 surface was positively
charged when pH < 3, while BC600 showed negative zeta potentials at
pH > 3 (see Supplementary material). Differently, YoO3@BC600-1:4 had
positive charges at pH < 7.5 but negative charges at pH > 8. This result
suggested that Y503 modification could alter the surface charge prop-
erties of BC600. The point of zero charges (pHp,c) of pure Y203 was
about 7.88. The modification of Y203 increased the pHy, from ~2.69 for
BC600 to ~7.65 for Y,03@BC600-1:4. Similar results were reported
regarding the coating modification of biochars by other metallic oxides
(e.g., ZrO9 and MgFes04) (Deng et al., 2022; Khataee et al., 2017).
Consequentially, different pHp,. of adsorbents signify charge charac-
teristic difference in aqueous solution due to protonation and deproto-
nation, which may affect the capacity and mechanisms of pollutant
adsorption.

The SEM images of BC600 and Y,03@BC600-1:4 are presented in the
Supplementary material. BC600 particles were micron-sized rod and
slice solids, owing to strong destruction of ginger straw from mechanical
pulverization, and the particle surface was relatively flat. In contrast, the
surface of Yo03@BC600-1:4 was visibly rough. The enlarged image
showed that a large number of solid particles were well deposited and
distributed on the carbon wall of BC600. These solid particles had
nanoscale sizes, and pore structure formed due to particle-particle
bridge and stack. TEM image showed that Y,O3 particles on BC600
surface were nanoscale solids (~7-30 nm) (see Supplementary mate-
rial). The EDX mapping images depicted the coexistence and distribu-
tion of C, O, and Y elements in the same surface region of Y,03@BC600-
1:4 (see Supplementary material), confirming uniform coating Y503
particles onto BC600 surface.

BC600 and Y203@BC600-1:4 had adsorption-desorption curves of
type IV with hysteresis loop (see Supplementary material), revealing the
predominance of mesopores (Xiang et al., 2022). For Y,03@BC600-1:4,

Table 1

The fitting results of OTC adsorption kinetics on BC600 and Y>03@BC600 samples.

there was a rapid increase of Ny adsorption at lower relative pressure,
originating from the micropores. The BET surface area of Yo03@BC600-
1:4 was 175.65 m2/g, 9.90 times greater than that of BC600 (16.12 m?/
g). Correspondingly, Yo03@BC600-1:4 also had greater total pore vol-
ume compared with BC600 (0.27 cm®/g vs 0.08 cm®/g). The diameter of
micropores and mesopores of Y,03@BC600-1:4 ranged of 1.02-1.95 nm
and 2.05-41.7 nm, respectively. Y203 coating expanded the micropores
and mesopores by 0.076 and 0.136 cm3/g. These results can be
explained by that the stacking dispersion of Y503 nanoparticles on the
surface of BC600 create more pores and improve surface area. The large
surface area of Y,03@BC600 composite can supply more adsorption
sites, and the abundant mesopores contributed to the adsorption of
pollutants via pore diffusion and filling (Deng et al., 2022).

3.2. Adsorption kinetics

As depicted in Fig. la, the process of OTC sorption onto
Y203@BC600 could be divided into fast, slow, and balance stages. For
example, the adsorption amount of Y,03@BC600-1:4 for OTC increase
rapidly before 4 h, accounting for 42.5% of the equilibrium adsorption
capacity at 48 h. The fast adsorption in the early stage was associated
with unoccupied sorption sites of external surface of adsorbent (Shi
et al., 2023). The curves of pseudo first/second-order equations are
given in Fig. 1a, and their parameters are listed in Table 1. The slightly
higher R? values suggested that OTC adsorption onto Y,03@BC600
composites could be better simulated by the pseudo second-order model.
This result suggested that there was chemisorption through electron
transferring and sharing in the removal of OTC by Y203@BC600 (Ho &
McKay, 1999).

The Y503 coating-produced improvement of BC600 porosity
certainly favors pollutant adsorption via pore diffusion and filling. The

Kinetic models Parameters BC600 Y,03;@BC600-1:19 Y,03@BC600-1:9 Y,05;@BC600-1:4
Pseudo first-order model qe (mg/g) 9.17 45.26 66.57 163.69
Ky (min~1) 2.01 0.11 0.18 0.13
R? 0.4253 0.8205 0.8786 0.9419
Pseudo second-order model qe (mg/g) 10.19 49.15 70.99 181.58
ko (mg/(g-min)) 0.16 0.0037 0.0045 0.0010
R? 0.5393 0.8746 0.9282 0.9661
Intraparticle diffusion model Phase 1 ki (mg/(g-min'/%)) 1.26 15.67 15.01 29.39
by (mg/g) 4.70 2.00 8.61 12.30
R% 0.9772 0.9998 0.9944 0.9980
Phase 2 ki» (mg/(g-min'/%)) 0.83 5.13 10.50 21.72
by (mg/g) 0.45 9.62 12.76 34.71
R% 0.9493 0.9966 0.9978 0.9955
Phase 2 kis (mg/(g-min'/%)) 0.49 4.16 1.84 2.35
bs (mg/g) 7.26 16.38 55.80 150.77
R3 0.2962 0.9788 0.9303 0.6191
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intraparticle diffusion model was therefore employed to explore the role
of film and pore diffusion in adsorption process (Chen et al., 2022). The
nonlinear curves of g varying with t'? demonstrated that the adsorp-
tion process of Y203@BC600 for OTC consisted of multiple stages
(Fig. 1b). These g, vs t*/? curves were divided into three linear segments
for the model fitting. The by values of phase 1 ranged of 2.00-12.96 mg/
g (Table 1), that is, the curves did not go through the origin, implying the
contribution of film diffusion (Pandiarajan et al., 2018). The phase 1 had
greater rate constant (kj;) than other two phases, suggesting faster
adsorption of OTC by Y203@BC600 at the phase 1. For the beginning
stage, OTC molecules were more easily trapped by the active sites of
external surface of Y503 coating layer, and also higher concentration
facilitated the spread of organic molecules to the sorption sites (Zhang
et al., 2019a). Following, OTC molecules diffused into mesopores and
micropores of Y,03@BC600, and were therewith adsorbed through pore
filling and/or occupied the adsorption sites of internal surface inside the
pores. The lower ki (5.13-20.71 mg/g) compared with kj
(15.01-28.71 mg/g) could support the internal diffusion limitation in
the sorption process of phase 2 (Yu et al., 2020). In addition, the as-
prepared composite with more Y»03 coating had greater kj; and kjo,
indicating that the interaction of Y203 with OTC could accelerate the
adsorption process. Lastly, the inner pore sites of Yo03@BC600 were
more difficult to utilize, and also the contact of OTC molecules reduced
with active sites because of lower concentration, thus the sorption
reached equilibrium stage. Overall, the process of OTC adsorption on
Y203@BC600 composites was governed by film diffusion, pore diffu-
sion, and the interaction on external/internal surfaces.

3.3. Adsorption isotherms

The adsorption amount of BC600 and Y,03@BC600-1:4 for OTC
increased gradually as OTC concentration increased (Fig. 2a). This
implied that more sorption sites of the sorbents were occupied under
higher OTC concentration. Besides, the increment may be closely asso-
ciated with the usability of adsorption sites. For better understanding

Table 2
Isotherm parameters for OTC adsorption.

Kinetic models Parameters BC600 Y,03;@BC600-1:4
Langmuir K, (L/mg) 0.067 0.096

qm (mg/g) 21.25 223.46

R? 0.9190 0.9929
Freundlich Kr [(mg/g)/(mg/L)/"] 3.19 46.88

n 0.41 0.35

R? 0.9680 0.9248
Temkin Kt (L/®) 0.90 1.01

a (J/mol) 593.72 54.48

R? 0.9324 0.9904

the adsorption characteristics, the Freundlich and Langmuir models
were used to fit the isothermal data, whose fitting curves and parameters
are shown in Fig. 2a and Table 2, respectively. The 1/n values were
lower than 1, suggesting that the sorption occurred on heterogeneous
surface and/or various binding sites (Al-Ghouti & Da’ana, 2020). The
better fitting of Langmuir model on OTC adsorption of Y,03@BC600-1:4
with high R? value of 0.9972 indicated that Y203-coating modification
could increase specific sites for monolayered adsorption (Li et al., 2020).
The Langmuir g, of OTC adsorption by Y,03@BC600-1:4 was 223.46
mg/g, significantly greater than BC600 (21.25 mg/g) and the compos-
ites of biochar with other metallic oxides (Fe3O4, MgFe;04, and Fe-Al
oxides, etc.) for tetracyclines (24.69-184.50 mg/g) (Deng et al., 2022;
Lietal.,, 2020; Luo et al., 2022; Tang et al., 2023). The isotherm of OTC
on Y;03@BC600-1:4 could be better described by nonlinear Temkin
model (R% = 0.9904) relative to on BC600 (R? = 0.9324). The well fitting
of Temkin model suggested that the interaction heat of the adsorbent
with OTC linearly decreased with increasing adsorption (Guo et al.,
2020). The Kt value of Yo,03@BC600-1:4 was 1.01 L/g, greater than that
of BC600 (0.90 L/g), meaning stronger binding force of the Y50s-
modified BC600 with OTC molecules than the pristine BC600.

The range of Ry, values at the given initial concentrations of OTC was
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0 to 1 (Fig. 2b), implying favorable adsorption of OTC on BC600 and
Y203@BC600-1:4. For the same OTC concentrations, the lower Ry of
Y203@BC600-1:4 than that of BC600 declared that OTC adsorption
became more favorable after Y,03 modification. The K4 curves drawn in
Fig. 2c were used to comparatively analyze the adsorption affinity of
BC600 before and after Y203 coating for OTC. The decreased Kq varying
with the increase of OTC concentration might be attributable to the
nonlinear and heterogeneous adsorption. This was in accord with that
the adsorbate molecules preferred to occupy strong binding sites
(Vithanage et al., 2012). Importantly, all the K4 values of Y203@BC600-
1:4 were much higher than those of BC600, demonstrating that the
coating of Y203 onto BC600 dramatically enhanced the adsorption af-
finity toward OTC. Given the above, Y,03@BC600 composite had fine
performance in capturing antibiotics in water.

3.4. Effect of solution pH and foreign ions

It was obviously noticed that the optimum pH occurred at pH 5 and
6. With increasing pH, the adsorptive amount of Yo03@BC600-1:4 for
OTC continuously increased before pH 5, whereas decreased after pH
above 6. The pH condition of adsorption system can affect the existing-
form of adsorbate and surface charge of adsorbent, thus affecting their
contact and interact. OTC molecule has three ionizable groups namely
tricarbonyl amide, phenolic diketone, and dimethylamine, which un-
dergo protonation or deprotonation at different pH conditions. The
dominated species of OTC are OTC " at pH < 3.57, OTC at 3.57 < pH <
7.49, OTC™ at 7.49 < pH < 9.44, and OTC?~ at pH > 9.44 (Fig. 3a). It
was obviously noticed that the OTC removal by Y,03@BC600-1:4 was
pH-dependent, and the optimum pH occurred at pH 5 and 6. With
increasing pH, the adsorptive amount of Y,03@BC600-1:4 for OTC
continuously increased before pH 5, whereas decreased after pH above
6. Viewing the pH-regulated speciation of OTC and the zeta potential of
Y203@BC600-1:4 (see Supplementary material), the influence of pH
condition on OTC adsorption was probably related to electrostatic
interaction. Under more acidic condition, stronger repulsive force of
positively charged surface of Y,03@BC600-1:4 with OTC" inhibited the

adsorption more significantly. Also, the decreased sorption of OTC with
increasing pHs above 7 was closely related with the electrostatic
repulsive interaction between the negatively charged surface of
Y,03@BC600-1:4 and OTC /OTC?". These facts were consistent with
the experimental results obtained in other previous studies (Deng et al.,
2022; Hamadeen & Elkhatib, 2022). Therefore, the underlying mecha-
nisms for OTC removal could be inferred from the electrical properties of
the adsorbent and adsorbent.

OTC adsorption on Y203@BC600-1:4 at different NaCl concentra-
tions were carried out to test the influence of ionic strength. With
increasing NaCl concentration, there was almost no effect on the
adsorption amounts (Fig. 3b). Commonly, the presence of mineral
electrolytes may disturb the adsorption behavior of pollutants in natural
waters and wastewater. Na*, K*, Mg?*, Cca?*, CI~, CO3™, SO5 ", NO3,
and PO3" were therefore selected to inspect their influence on OTC
adsorption in this study. As shown in Fig. 3c, it was found that these
cations had little effect on the OTC removal. The anions (Cl~, SO%’, and
NO3) hardly affected OTC adsorption, but CO%™ and PO}~ exhibited
significantly negative effect with the reduction of adsorption amount by
21.92% and 51.67%, respectively. Introducing CO3~ and PO3~ into
adsorption system, low solubility salts (e.g., Y2(CO3)3 and YPO4) may
form (Djurdjevic et al., 2016; Liu & Byrne, 1997), thus shielding the
surface sites of Y203 particles and reducing OTC adsorption. Neverthe-
less, the adsorbing capacity of Yo03@BC600-1:4 still kept at high level,
131.48 and 81.38 mg/g under the presence of CO3~ and PO3 "~ respec-
tively, under initial condition of pH 6 and 40 mg/L OTC. This result
suggested that the as-prepared sorbent could be applied to eliminate
antibiotics in the complicated wastewaters.

3.5. Proposed adsorption mechanisms

As well known, the adsorption of antibiotics onto biochars depended
on complicated mechanisms, mainly electrostatic attraction, n-n inter-
action, H-bonding, and pore filling (Zhao et al., 2022). In this work, OTC
sorption on Yo03@BC600 was also a complicated process and caused by
synergistic mechanisms (see Supplementary material).
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The greater surface area of Y,03@BC600 supplied more exposed
sites, and more micropores and mesopores increased the adsorption
through pore diffusion and filling. The intraparticle diffusion model
analysis implied the crucial role of pore diffusion in OTC adsorption. The
suitable diameter range and greater volume of mesopores in
Y203@BC600 composite are more conducive to the entry of OTC mol-
ecules into pore channels and supply more available adsorptive surface.
The coating of Y203 nanoparticles definitely shielded carbon surface and
even plugged mesopores and macropores of BC600, thus reducing the
interaction of carbonaceous components (e.g., —OH, C=0, and C=C
groups) with OTC. The increased adsorption at pH from 1 to 5 while
decreased trend at raising pH above 6 demonstrated the participation of
electrostatic interaction in the adsorptive removal of OTC, owning to
Y20s-resulting change of surface charge characteristics. Y203 offers
three hydrogen bond acceptors, and OTC molecule supplies seven
hydrogen bond donors. Further, the hydroxylated surface of metal ox-
ides Y503 in aqueous solution can serve as the sites for ion exchange
(Tamura et al., 1999). The normal H-bonding and ion exchange are
prone to affect by coexisting ions. However, in this case, both Na*t, K*,
MgZ*, Ca?* and Cl~, SOF~, NO3 had little impact on the adsorption of
OTC by Y,03@BC600-1:4, only CO3~ and PO}~ showed inhibiting effect
because of the precipitation formation of Y5(CO3)3 and YPO4 on Y203
surface, possibly shielding partial adsorption sites. These results suggest
that a specific interaction of Y03 with OTC molecule may occur.

The SR-FTIR mapping and spectra was used to more sensitively
obtain the characteristic peaks of functional groups of the adsorbent
after OTC sorption, which are given in the Supplementary material.
Y203@BC600-1:4 had two SR-FTIR peaks at 1396 and 1527 em?,
assigning to aliphatic and aromatic structure of BC600 and —OH of
Y20s3. As expected, a new SR-FTIR peak at 2908 em ™! was detected in
Y203@BC600-1:4 adsorbed OTC, ascribing to N-H stretch of dimethyl-
amine in OTC molecule (Cervini et al., 2016). The p-FTIR mapping
image at 2908 cm ! was coincided with the distribution of
Y203@BC600-1:4 particles in the optical image, suggesting uniform
adsorption of OTC. It is worth noting that there were obvious FTIR peak
shift and intensity change at these absorption peaks (1396-1577 cm ™)
after OTC adsorption. Given the overlay of Y203 particles on BC600
surface, the surface -OH may be crucial sites for bonding OTC mole-
cules. (Blasioli et al., 2014) reported that medium-strong H-bonding
occurred between neutral sulfamethoxazole molecule and silanol
(Si-OH) of zeolite. Recently, direct spectroscopic evidence was also
obtained for a type of strong hydrogen bond (charge-assisted hydrogen
bonding, CAHB) between ~OH, —COOH, and -NH,, of adsorbents (e.g.,
nano SiOs) and ionizable pharmaceutical contaminants (Zhang et al.,
2020; Zhang et al., 2022). Presumably, stronger hydrogen bonds
(OTC-HoN*---HO-Y,03@BC600-1:4) may form instead of normal
hydrogen bond, which is an important one of the contributions for OTC
adsorption. The appearance of new peak for N-H of OTC molecule,

upshifted FTIR peaks for surface hydroxyl site of Y»03, and the well
matching of their SR-FTIR mapping distribution after adsorption of OTC
on Y203@BC600-1:4 can be considered as possible evidence for this
interaction. In addition, the proposed mechanism was consistent with
the result from adsorption isotherms that Y,03@BC600-1:4 had greater
adsorption affinity for OTC. Overall, Y203 coating onto BC600 probably
provided more specific active sites for adsorbing OTC.

3.6. Reusability of Y,03@BC600 adsorbent

The recyclability of sorbent can reveal practical applicability for
sustainable strategy of pollutant removal through adsorption technique.
Here, the adsorption removal of OTC in wastewater by Y,03@BC600-
1:4 was examined, and the exhausted sorbent was desorbed in 0.3 mol/L
NaOH solution to evaluate regeneration performance. The wastewater
was taken from secondary sedimentation tank of a sewage treatment
plant, pH 6.68, COD 50.5 mg/L, NH3-N 5.17 mg/L, NOs-N 14.2 mg/L,
and PO4-P 0.46 mg/L. As illustrated in Fig. 4a, Y203@BC600-1:4 com-
posite exhibited superior adsorption efficacy in eliminating OTC from
the wastewater, with the equilibrium adsorption quantity reaching up to
164.81 mg/g. For the same initial OTC concentration, the equilibrium
adsorption capacity of Yo03@BC600-1:4 was found to be nearly iden-
tical in both the background solution and the wastewater. That is,
Y203@BC600 composite showed relative selectivity for adsorbing OTC
irrespective of coexistence of organic and inorganic dissolved substances
in the wastewater.

Following five cycles, the NaOH-eluted adsorbent still retained
70.1% of the initial adsorption capacity, implying that Y203@BC600-1:4
could be deemed as a durable adsorbent for OTC removal. Nevertheless,
taking component complexity into consideration, the efficiency of
Y,03@BC600 adsorbent in the removal of OTC and other contaminants
needs to further examine in actual waters. The leaching concentration of
Y ions during five cycles was <16.50 pg/L (Fig. 4b), and the mass loss of
Y,03@BC600 was maintained below 16.97% before 1000 °C in the TGA
measurement (see Supplementary material), suggesting that the syn-
thesized composite showed better stability. Nevertheless, taking
component complexity of actual polluted waters into consideration, the
removal efficiency of OTC and other contaminants by Y,03@BC600
needs to be further examined. The future research efforts regarding the
post-treatment of enriched or desorbed contaminants of the adsorbent
need more concerns.

4. Conclusion

Y203@BC600 composite with outstanding sorption ability was pre-
pared, its Langmuir adsorption capacity of OTC reached 223.46 mg/g,
10.52 times greater than BC600. The high dispersion of Y,O3 nano-
particles, greater surface area, and more pores enhanced OTC
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adsorption. Y203 coating onto BC600 changed surface charge property,
thus regulating the role of electrostatic interaction, and the mechanism
of stronger H-bonding (CAHB, OTC-H,NT.--HO-Y5,03@BC600) was
proposed. Y203@BC600-1:4 could resist interference of cations and
anions (except C0%~ and PO3") and retain the ability of OTC removal in
actual wastewater. The excellent stability and sustainability of
Y203@BC600 made it a promising sorbent for aqueous OTC.
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e Oxytetracycline fermentation residues
(OFRs) were treated by Fenton
oxidation.

e Fenton oxidation treatment reduced
oxytetracycline  (OTC) in  OFRs
instantaneously.

o Degradation pathways of OTC in OFRs
were clarified and the toxicity was
evaluated.

e Inactivation of OTC resistant genes in
OFRs was measured after Fenton
oxidation.
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The high content of residual OTC and antibiotic resistance genes in OFRs must to be considered and controlled at

Keywords: an acceptable level. This study therefore investigated the applicability of Fenton oxidation in OTC degradation
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and resistant gene inactivation of OFRs. The results revealed that Fe?" as catalyzer could very rapidly activate
H,0; to produce HO®, leading to instantaneous degradation of OTC. The optimum conditions for OTC removal
Harmless treatment were 60 mM HyO2 and 140 mg/L Fe?* under pH 7. After Fenton oxidation treatment, the release of water-soluble
Degradation products polysaccharides, NO3-N, and PO4-P was enhanced, whereas for proteins and NH3-N were reduced. Three soluble
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fluorescence spectra with parallel factor analysis, and their reduction exceeded 50% after Fenton oxidation.
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1. Introduction

Antibiotic fermentation residues (AFRs) are organic solid wastes
from the manufacturing process of antibiotics, which can be produced in
the amount of 147,000 tons each year in China and account for 70% of
the world’s total production (Cai et al., 2017; Hu et al., 2020). Oxytet-
racycline (OTC) as a veterinary antibiotic is extensively used to treat
bacterial infections, and its fermentation residues (OFRs) contributes
about 20% of the production of AFRs in China (Gong et al., 2021). OFRs
contain high content of residual OTC (>1000 mg/kg) (Zhu et al., 2016),
which pollution can inhibit microbial action, impose selective pressure
on bacteria, even facilitate the proliferation of antibiotic resistance
bacteria (Liu et al., 2022a). OFRs with high moisture content are
particularly prone to corrupt, leading to the generation of antibiotic
resistance genes (ARGs) (Cai et al., 2019). In addition, the ARGs were
reported to spread through propagation and horizontal gene transfer of
the host microbiota and enhance abundance (Jiang et al., 2022). The
residual OTC in OFRs and the derived resistance bacteria and ARGs may
cause great threats to ecological system and human health (Shen et al.,
2019). OFRs had been listed in the National Hazardous Waste List of
China since 2008 (Gong et al., 2020b). In most countries, AFRs are
required to be harmlessly treated by high-temperature incineration to
eliminate drug residues and ARGs (Chen et al., 2017a; Wang et al.,
2021). The incineration treatment has high energy consumption, and
also may cause secondary environmental pollution and the waste of OFR
resource. Therefore, a simple and efficient method is sought to degrade
residual antibiotic and inactivate ARGs in OFRs.

Current various treatment strategies mainly focused on removing re-
sidual antibiotics and improving the biodegradability of AFRs. Microwave
irradiation could completely disintegrate residual antibiotic in cephalo-
sporin mycelial dreg without any addition of chemicals (Cai et al., 2017).
However, relatively high microwave power is bound to consume massive
energy, limiting the large-scale application of microwave irradiation in
disposing of AFRs. An alkaline-thermal pretreatment was used to reduce
ARGs in spectinomycin mycelial residues and increase biodegradability
(Song et al., 2020), but excess alkali addition was not beneficial to the
subsequent resource utilization. The ionizing irradiation was developed
for treating cephalosporin C fermentation residues, which removed
cephalosporin C by 85.5% at 100 kGy (Chu et al., 2020). (Lu et al., 2021)
reported that the carbonization could efficiently reduce the content of
OTC and the abundance of ARGs in OFRs. However, this treatment
required relatively high temperature and long retention time (>200 °C
and >30 min), which increases the cost of harmless treatment. (Pan et al.,
2023) developed low-temperature heating method (180 °C) to decompose
doramectin, although high efficiency, the mycelial residues probably
need to be pretreated via dewatering procedure. Hydrothermal treatment
in the range of 120 °C-180 °C was effective in OFRs disintegration and
OTC degradation, whereas high temperature tended to produce
biodegradation-resistant substances and also high pressure was not
beneficial for the cost and operability (Wang et al., 2020b). The AFRs
could be composted into organic amendment, but OFR composting did
not satisfactorily remove the high level of OTC and even increased the
abundance of ARGs (Gong et al., 2021; Gong et al., 2020b). Considering
the disadvantages of the above-mentioned treatments, therefore it has
great significance to seek other green pollution-free and efficient pre-
treatment methods for the degradation of OTC and the inactivation of
ARGs in OFRs.

Fenton oxidation treatment attracts attention in terms of wastewater
treatment and sludge due to the reaction being mild and rapid, low cost,
operational simplicity, and high efficiency of organic pollutant removal
(Gamaralalage et al., 2019; Liu et al., 2013). HO® (Eo(HO®*/H20) = +2.8
Vnup) is produced when H3O3 is catalyzed by Fe during the Fenton
oxidation (Brillas and Garcia-Segura, 2020; Oturan et al., 2011), which
is the second strongest oxidant known after fluorine (Brillas, 2022).
Furthermore, HyO3 can only be decomposed into HyO and O, compared
to other oxidants and can not readily induce secondary pollution.
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(Pulicharla et al., 2017) reported that Fenton reaction could well
degrade chlortetracycline in wastewater sludge. In previous research,
Fenton oxidation treatment was shown to be more effective at inacti-
vating ARGs from excess sludge than microwave and alkaline treatment
(Wang et al., 2020a). In addition, ARGs and antibiotic resistant bacteria
on microplastics and in microplastic surrounding landfill leachate could
be commendably removed by Fenton oxidation treatment (Shi et al.,
2022b). However, there is little information about the treatment of AFRs
using Fenton oxidation, despite the gratifying degradation rate can be
obtained using Fenton method for most refractory organic contami-
nants, ARGs, and antibiotic resistant bacteria in terms of wastewaters,
sludges, and microplastics. Therefore, Fenton oxidation may be hy-
pothesized as a potential pretreatment method for degrading residual
OTC and inactivating ARGs in OFRs.

In the present study, we carried out the practical treatment of Fenton
oxidation to test the effectiveness in the elimination of residual OTC and
ARGs in OFRs. Firstly, the effects of H,O5 concentrations, Fe?t dosages,
and system pH condition on the degradation efficiency of OTC were
investigated to determine the optimum condition for the treatment of
OFRs. Secondly, the changes in the release of hydrophilic matters of
OFRs before and after the Fenton oxidation were examined for analyzing
bioresource properties. Then, the intermediate products of OTC pro-
duced from the Fenton oxidation treatment of OFRs were clarified, and
the possible degradation pathways were proposed according to in-
termediates. Lastly, the inactivation of ARGs in OFRs was assessed
during the oxidation process. The treatment effectiveness for residual
OTC and ARGs showed the applicability of Fenton oxidation for
disposing OFRs.

2. Materials and methods
2.1. Materials and chemicals

The raw OFRs was provided by a pharmaceutical manufacturer in
Inner Mongolia, China, which was stored at —20 °C to prevent putre-
faction. The OTC content of raw OFRs was 5060 mg/kg, and the phys-
icochemical properties are shown in Table S1. OTC (Ca2H24N20, purity
>98%) was purchased form Aladdin Chemical Reagent Co. Ltd. (China).
Ferrous sulfate (FeSO4-7H20), hydrogen peroxide (H2032), sodium hy-
droxide (NaOH), hydrochloric acid (HCl), methanol (CH3OH), sodium
chloride (NaCl), acetic acid (CH3COOH), phosphoric acid (H3PO4) and
acetonitrile (CoH3N) are analytic grade without further purification, and
deionized water was used for all the experiments.

2.2. Experimental procedures

The 10 g OFRs and a certain amount of deionized water were mixed
in 100 mL beaker to obtain the mixture with about 10% total solid
content, and the suspension of OFRs was kept in a 4 °C refrigerator for
12 h to make the solid matters fully absorb water. The obtained mixture
were sonicated for 5 min and stirred for 1 min, and the operation was
repeated to homogenize OFR suspension well. Subsequently, H2O5 so-
lution with initial concentrations of 5, 20, 40, 60, 80, 100 and 120 mM
was added, the beaker was placed in a hexagonal stirrer, followed by
adding a certain amount of Fe?>* with predetermined concentration of
Fe?*. Further, the degradation experiment was carried out at different
pH levels of 1, 2.3, 3, 4, 5, 6, 7, 8, and 9 to reveal its influence on OTC
removal. Finally, after 20 min of reaction, 5 mL sample was pipetted and
immediately added into 16.5 mL methanol to quench the residual Hy0,.
The residual OTC of sample solution was extracted according to previous
literature (Gong et al., 2020a). Triplicate was set up for the experiments.

2.3. Analytical methods

The concentration of OTC in the OFR suspensions was measured by a
SIL-20AXR  high-performance liquid chromatography with the
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conditions of detection wavelength 355 nm, mobile phase acetonitrile/
0.1% phosphoric acid (volume ratio of 15%/85%), and flow rate 1 mL/
min (Gong et al., 2020a). The intermediates of OTC were analyzed using
a triple series quadrupole mass spectrometer (Agilent 1290 In-
finity/6460) described by Zhang (Zhang et al., 2022). The acute toxicity
of OTC and its intermediates were analyzed by the Toxicity Estimation
Software Tool (T.E.S.T). The concentration of water-soluble proteins,
polysaccharides, NH3-N, NO3-N, and PO4-P released from OFRs were
measured by the universal methods (Rice and Association, 2012). A
F4700 fluorescence spectrometer (Hitachi, Japan) was used to record
the fluorescence excitation-emission matrix spectra of the supernatant of
OFR samples after Fenton treatment at optimum conditions ([Fez+] =
140 mg/L, [H202] = 60 mM, pH = 7) for 0, 1, 3, 5, and 10 min with a
scanning speed of 1200 nm/min. Prior to parallel factor analysis, the
measured fluorescence spectra were ded Mili-Q water blank spectra to
eliminate Raman scattering (Wen et al., 2003). The parallel factor
analysis modeling were implemented by DOMFluor toolkit (www.model
s.life.ku.dk) in MATLAB 2010b, and the percentage of each component
was calculated based on previous research (Bai et al., 2021; Stedmon
and Bro, 2008).

The OFR sample treated by Fenton oxidation for 10 min was cen-
trifugated at 4000 r/min for 5 min to produce supernatant and dreg. The
DNA and ARGs in untreated OFRs and the supernatant and dreg of
treated OFRs were respectively extracted and quantified according to
the method descriptive by Gong (Gong et al., 2020b). Ten target ARGs
related to OTC, two mobile genetic elements (MGEs) and 16S rRNA gene
were amplified through a high-throughput qPCR (Thermo StepOne-
Plus™). Primer sets used in this study were provided in Table S2.
Heatmap for relative abundances of ARGs and integrons was generated
in https://hiplot-academic.com/.

3. Results and discussion

3.1. Optimizing degradation condition of OTC in OFRs by Fenton
oxidation treatment

3.1.1. OTC degradation kinetic in OFRs

The degradation efficiency of OTC was investigated under different
systems to estimate the performance of Fenton oxidation treatment
within 60 min reaction time (Fig. S1). The OTC in OFRs could not realize
self decomposition without the addition of reagents due to its high
chemical stability. Besides, only 5.06% of OTC was removed in HyO9
(60 mM) alone system, which could be explained by the limited oxida-
tion activity of HyO,. Notably, the degradation efficiency of OTC
significantly increased after the introduction of Fe?* compared with the
H20; alone system. Moreover, the reaction was completed instanta-
neously within 1 min and the degradation efficiency of OTC reached
63.5% when the concentration of HyO, and Fe*" was 60 mM and 140
mg/L, respectively, which greatly reduced the reaction time compared
with other treatment methods to avoid consuming a lot of energy. The
above phenomenon indicated that Fe?" as catalyzer could very rapidly
activate HoO5 to produce more HO® based on Haber-Weiss mechanism
for the degradation of OTC (Tyagi et al., 2020). The Fenton oxidation
process was divided in two reaction steps in this study. In a first step,
OTC in OFRs was decomposed quickly within 1 min, ascribing to that
H,0, could be activated to produce more HO® by a large number of Fe?",
As Fe?" ions were consumed in large quantities and rapidly, HyO5 could
not be activated in time to produce HO®. The reaction of second stage
was much slower than the first one, and the degradation efficiency of
OTC basically remained unchanged after the reaction time of 10 min.
The above observation was similar to the report of the Fenton oxidation
in the treatment of ciprofloxacin and landfill leachate (Aygun et al.,
2012; Gupta and Garg, 2018). The reaction time was set as 10 min for
the following discussion regarding the effect of different reaction con-
ditions on the degradation efficiency of OTC in OFRs by Fenton oxida-
tion treatment.
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3.1.2. Effects of H;0, concentration and Fe> dosage

The production of HO® during the Fenton oxidation treatment is
closely related to the H,0, concentration and Fe?t dosage. Therefore, it
is necessary to explore the effects of HyO, concentration and Fe*
dosage on the degradation of OTC in OFRs. As shown in Fig. 1a, the
degradation efficiency of OTC increased from 35.5% to 64.1% after 10
min with HpO2 from 5 mM to 60 mM, suggesting that higher concen-
tration of Hy0, could provide more HO® and thus promote OTC degra-
dation. Nevertheless, the degradation efficiency of OTC decreased from
64.1% to 54.8% when the concentration of HoO5 continuously increased
from 60 mM to 150 mM, which is attributed to the fact that the HO®
radical could be scavenged by excess HyO» (Eq. (1) and (2)), producing
HOj or O, with lower oxidation potential (Wang et al., 2020b; Wu et al.,
2022). Similar results were obtained in other studies (Wang et al.,
2020b; Xin et al., 2021a; Zha et al., 2014).

HO; + HO® —» H,0 + O, ®))

The effect of Fe>" dosage from 80 mg/L to 210 mg/L on the degra-
dation of OTC was investigated. As displayed in Fig. 1b, the degradation
efficiency of OTC increased from 53.6% to 63.5% when Fe?! dosage
ranged from 80 mg/L to 120 mg/L, which indicated that H,O, could be
activated to produce more HO® via Eq. (3) with the increase of Fe®t
dosage. Moreover, as shown in Egs. (4) and (5), Fe3* reacts with H,0,
and HO; to form FeZ" although the reaction efficiency was low, leading
to the depletion of Fe?" and the accumulation of Fe3* (Liu et al., 2022¢;
Zhu et al., 2019). However, the degradation efficiency of OTC decreased
slightly with Fe>™ dosage exceeding 140 mg/L. The above phenomenon
can be explained as follows: (I) excess Fe?* could compete with OTC and
act as HO® scavenger via Eq. (6), causing undesirable consumption of
HO*® and (II) more Fe(OH)3 precipitates could be produced by excess
Fe?" during the Fenton reaction process, which caused Fe?" could not
rapidly activate HpO5 to produce more HO® to effectively degrade OTC.

Fe’™ + H,0, — Fe*" + OH™ + HO" 3)
Fe** + H,0, » HO; + Fe*" + H" @)
Fe’* + HOj — Fe’* + 0, + H' )
Fe** + HO® - Fe** + OH™ (6)

3.1.3. Effects of operation pH

The pH of reaction system is usually considered as a significant factor
in Fenton reaction, thus the effect of initial pH from 1.0 to 9.0 on
degradation efficiency of OTC was investigated. As shown in Fig. 1c, the
degradation efficiency of OTC increased from 60.7% at pH 1.0-69.6% at
3.0, which could be attributed to that Hs03 as a stable form was
generated under strong acidic conditions (pH < 3.0) via Eq. (7) and
difficult to be activated to form HO® by catalyst (Ghanbari et al., 2020).
Besides, excess H' could consumed HO® via Eq. (8) and inhibited the
degradation of OTC. Previous studies have confirmed that the pH of 3.0
was identified as the optimal range for the degradation of organic pol-
lutants by Fenton oxidation treatment (Nguyen et al., 2021; Zouanti
et al., 2020). However, the result of the present work showed that the
degradation efficiency of OTC further increased with the pH from 3.0 to
7.0, and the degradation efficiency of OTC reached 81.5% at pH 7.0. The
degradation efficiency of OTC was intimately connected to the form of
OTC species in the solution. Based on previous studies (Ramanayaka
et al., 2020), the OTC species mainly exists as OTCH3 at pH < 3.57,
whereas the OTC species mainly exists as OTCH3 at 3.57 < pH < 7.49
(Fig. S2). Generally, OTCH3 has a higher electron density than OTCH3,
which was more vulnerable to attack of HO® and lead to an increase the
degradation efficiency of OTC with increasing pH from 3.0 to 7.0 (Chen
et al.,, 2017b; Xin et al., 2021b). Although OTCH™ or OTC?™ as the
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dominant existing form of OTC species at pH > 7.49 has a higher elec-
tron density than OTCHj (Ge et al., 2018), the degradation efficiency of
OTC decreased to 75.5% with increasing pH to 9. The reduction of OTC
degradation efficiency at pH > 7.0 could be attributed to two reasons: (I)
the oxidation performance of HO® decreased under alkaline conditions
(Zouanti et al., 2020) and (II) iron hydroxides may be produced via Eq.
(9) under alkaline conditions (pH > 8.5) resulting in a decrease of Fe?*,
which reduced the degradation efficiency of OTC.

H' 4+ H,0, —» H;0," @)
H' + HO® + e~ - H,0 ®
Fe’™ 4+ 2 OH™ — Fe(OH), 9

3.2. The release of soluble biopolymers and nutrients

The release of water-soluble biopolymers (polysaccharides and pro-
teins) from OFRs was investigated during the Fenton oxidation treat-
ment. The concentration of soluble polysaccharides exhibited an
increase trend within 1 min (Fig. 2a). Commonly, oxidation reactions
have the effects of cell damage and sludge floc destruction (Zhang et al.,
2021), thus this result could be attributed to that strong HO® of Fenton
oxidation is capable of breaking the flocs and rupturing the mycelia cells
in OFRs. Previous study found that heat-activated persulfate oxidation
could also destroy the flocs of erythromycin fermentation residues and
leaded to the solubilization of organics (Zhang et al., 2020). After the
Fenton reaction of 1 min, the release of polysaccharides was nearly
unchanged. The soluble polysaccharides may compete with mycelia
cells for HO®, which inhibit the further increase of polysaccharide
release (Chu et al., 2019). In normal case, the destruction of OFR flocs
and mycelia due to Fenton oxidation should favor the release of soluble
proteins. However, the concentration of soluble proteins showed a
downward trend within 10 min Fenton reaction relative to 0 min
(Fig. 2b). The decrease of protein release was primarily because the
peptide bonds of protein molecules were easily attacked and destroyed
by HO® with strong oxidation (Lund et al., 2011).

Fig. 2c—e gave the release of nitrogen and phosphorus nutrients when
Fenton oxidation was applied to treat OFRs. As shown in Fig. 2c, the
concentration of NHs-N showed a downward trend. The flocs disruption
of OFRs by Fenton oxidation treatment could cause the dissolution of
nitrogenous organics of mycelia into solution (Wang et al., 2018).
Although the organic nitrogen could be converted into NH3-N by the
strong oxidation performance of HO®, the generated NH3-N was liable to
oxidize to NO3-N (Zhang et al., 2020). Moreover, (Shi et al., 2022a)
validated the oxidation conversion of NH3-N into N3, NO3-N, or NO>-N
by HO®. In this study, NH3-N would be released into the suspension,
while at the same time it could be eliminated and transformed by HO®.
For NO3-N, its release from the treated OFRs increased within 1 min
(Fig. 2d), which could be attributed to the floc destruction and the cell
rupture of residual microbe and the transformation of NH3-N to NO3-N.

The phosphorus nutrient is mainly derived from the cells of residual
microbe in OFRs (Turner and Leytem, 2004). The concentration of
PO4-P released from OFRs showed an upward trend within 0-3 min of
Fenton reaction (Fig. 2e). Similar to the mechanism for the release of
other water-soluble components, the floc destruction and cell rupture
during Fenton reaction favor the release of phosphorus. Moreover,
organophosphorus compounds and/or related phosphorus forms in
OFRs can be transformed into PO4—P during the treatment of Fenton
oxidation (Wang et al., 2022). However, the release of PO4—P exhibited
the decreased pattern at the time range from 3 min to 10 min. (Zhang
et al., 2020) reported the decreased release of PO4—P from erythromycin
fermentation residues during the heat-activated persulfate oxidation,
and they attributed the pattern to the adsorption of onto the solid par-
ticles of the residues. In this study, iron hydroxides may form during the
Fenton oxidation (Eq. (9) and (10)) and accumulate with the increase of
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= 60 mM, pH = 7).

reaction time. In solution, PO4—P could be greatly adsorbed by the iron
hydroxides (Mochizuki et al., 2021). Moreover, the free metal ions (Fe**
and Fe*") could combine with PO,-P into insoluble precipitates (Wang
et al., 2022). These may be important reasons for the reduced release of
PO4-P after Fenton reaction for 5-10 min. Overall, the release kinetic of
PO4-P from OFRs under Fenton oxidation treatment may be governed
complex mechanisms.

3.3. Fluorescence components identified by parallel factor analysis

Three components in OFR were determined based on residual anal-
ysis, split-half validation and random initialization analysis (Fig. 3).
Excitation-emission matrix contours and wavelengths loadings of the
three components in different OFR samples were eventually defined
based on the excitation-emission matrix dataset. The component 1 (C1)
was bimodal at Ex/Em of 320/430 nm and 250/430 nm (Fig. 3a and b),
indicating the presence of humic substances (Qu et al., 2012). In Fig. 3¢
and d, the component 2 (C2) at Ex/Em of 280/340 nm was assigned to

tryptophan-like substances, which was related to biological production
and microorganism activity (Her et al., 2004; Xu et al., 2013). The
component 3 (C3) presented maxima peaks at Ex/Em of 400/490 nm
and 270/490 nm (Fig. 3e and f), which were reported high polymer
humic acid-like substances (Wen et al., 2003).

The fluorescence intensity distributions of three components in OFR
samples by Fenton treatment at 0, 1, 3, 5 and 10 min were shown in
Fig. 4. The fluorescence intensities of C1 and C2 were higher than that of
C3, which indicated that C1 and C2 were the dominant components. The
fluorescence intensity of three components in OFRs were immediately
reduced by Fenton oxidation treatment within 1 min. During Fenton
oxidation treatment process, the fluorescence intensity of humic,
tryptophan-like, and humic acid-like substances reduced more than
52.3%, 52.7, and 53.8%, respectively. The reduction of fluorescence
intensity for C1 could be attributed to two reasons: (I) the self-quenching
of humic substances (Liu et al., 2022b) and (II) the highly electronega-
tive carboxyl of humic substances could undergo the complexation with
metal ions on the surfaces of the insoluble precipitates and form humic



W. Jia et al.

450

(al) Complonent 1

450— - .
(c) Component 2

Peak3

Ex(nm)

400
Em(nm)

300 350 450 500 550

(e') Comp;)nent 3'

4001

w
n
>

Ex(nm)

w
=
>

300

350 400

Em(nm)

450 500 550

Chemosphere 336 (2023) 139201

0.4

(b) C1 Em
Ex
0.3 4
0.2 4
0.1 4
0.0 T T T T T T ¥
200 250 300 350 400 450 500 S50
Wavelengh(nm)
0.5
) C2 ——Em
Ex
0.4 4
0.3 4
0.2 4
0.1 4
0.0 T T T T T T T
200 250 300 350 400 450 500 550
‘Wavelengh(nm)
0.4
HC3 Em
Ex
0.3 4
0.2 4
0.1 4
0.0 T —— T T T T
200 250 300 350 400 450 500 S50
‘Wavelengh(nm)
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substances-inorganic salt flocs (Wang et al., 2022). C2 was assigned to
tryptophan-like protein substances, which the reduction of fluorescence
intensity. The tryptophan-like proteins could be destroyed by HO® and
converted into smaller organic fractions or inorganic matters without
fluorescence characteristics. Similarly, (Chu et al., 2020) reported that
the fluorescence intensity of tryptophan-like protein substances
decreased considerably after ozonation. In addition, the introduction of
iron ions could also denature tryptophan-like proteins leading to the
fluorescence intensity decrease of C2 (Zhang et al., 2021). The fluores-
cence intensity of C3 immediately reduced during the oxidation, which
could be explained by the chemical structure change of high polymer
humic acid-like components under the action of HO® (Lu et al., 2020).

3.4. Degradation intermediates and toxicity estimation

To better investigate the degradation pathways of OTC in OFRs by
Fenton oxidation treatment, the triple series quadrupole mass spec-
trometer was adopted to determine the possible intermediates under the
optimum conditions ([Fe2+] = 140 mg/L, [H205] = 60 mM, pH = 7).
The results of degradation intermediates and the possible degradation

pathways as shown in Fig. 5. In pathway I, OTC (m/z = 461.0) was
converted to P1 (m/z = 382.9) through dehydration, deamidation and
loss of hydroxyl groups (Yang et al., 2020). The formed P1 was further
fragmented into P2 (m/z = 279.0) and then resulted in the formation of
P3 (m/z = 262.1) through further the loss of hydroxyl group. Subse-
quently, the P3 was oxidized to generate P4 (m/z = 199.1) and P5 (m/z
= 143.1) through open-ring reaction. In pathway II, the OTC was
transformed into P6 (m/z = 476.4), via hydroxylation and double car-
bon bonds breaking. Due to electron density augment of N in NH» group,
the acylamino on P6 by HO® attacked. Besides, the tertiary amine on P6
reacted with HO®. The formation of P7 (m/z = 389.0) was ascribed to the
above two reasons and the loss of hydroxyl group (Liu et al., 2016a; Tang
et al., 2018). The further intermediates P8 (m/z = 274.2) and P9 (m/z =
240.1) were caused by dehydroxylation, deamidation, demethylation,
decarbonylation and double carbon bonds breaking (Yang et al., 2020).
For the pathway III, according to previous studies (Liu et al., 2016a; Liu
etal., 2016b), the keto/enol sites of OTC were attacked through hydroxy
addition reaction, leading to the open-ring reaction and formed multiple
hydroxylated intermediate P10 (m/z = 525.1). As a further degradation
intermediates of P10, P11 (m/z = 349.2) was generated as a result of the
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removal of N-methyl, carboxyl, amino, carbonyl groups, and acylamide
groups (Ma et al., 2021). Afterwards, P11 was converted into P12 (m/z
= 305.1) by dehydroxylation, oxidation of hydroxyl to carbonyl and the
double carbon bonds breaking (Cao et al., 2016).

The half lethal concentrations of fathead minnow (LCs0-96 h) and
daphnia magna (LCs0-48 h) were analyzed to assess the acute toxicity of
OTC and its intermediates using Toxicity Estimation Software Tool. As
shown in Fig. 6a, the LC50-96 h of OTC was 1.12 mg/L, which was
defined as “toxic” for fathead minnow. The degradation intermediate P1
(0.12 mg/L), P8 (0.54 mg/L) and P9 (0.15 mg/L) were considered to be
“very toxic” for fathead minnow due to the less than 1 mg/L of LCs5¢-96
h. The LCs0-96 h values of other intermediates were higher than that of
OTC, which indicated that their acute toxicity for fathead minnow was
lower than OTC. The acute toxicity of P4 (18.47 mg/L), P5 (27.21 mg/
L), P6 (26.88 mg/L), P7 (19.25 mg/L), and P10 (17.77 mg/L) for fathead
minnow even changed to “harmful” due to their LC50-96 h higher than
10 mg/L (Xin et al., 2021¢; Zhou et al., 2020). Generally, the LCs0-48 h
in the range of 0-12.7 mg/L and higher than 12.7 mg/L are defined as
“toxic” and “harmful” for daphnia magna, respectively (Yang et al.,
2021). From the LCs5¢-48 h result of OTC and its intermediates (Fig. 6b),
the OTC was defined as “toxic” for daphnia magna due to that its
LCs0-48 h (4.29 mg/L) was lower than 12.7 mg/L. The acute toxicity of
intermediates for daphnia magna, except for P8 (3.14 mg/L) and P9
(0.60 mg/L), was lower than that of OTC. Noteworthy, the LCs50-96 h of
P4 (50.81 mg/L), P5 (120.78 mg/L), P6 (16.44 mg/L), P7 (94.03 mg/L),
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Fig. 5. Proposed degradation pathways of OTC in OFRs by Fenton treatment.
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P10 (34.21 mg/L), P11 (35.41 mg/L) and P12 (30.27 mg/L) was higher
than 12.7 mg/L, thus the above intermediates became into “harmful” for
daphnia magna. According to the toxicity prediction results, the overall
environmental hazards of OFRs were effectively alleviated by Fenton
oxidation treatment.

3.5. Abundances of ARGs and MGEs

Fenton oxidation has the unique characteristics of strong and rapid
reaction, which made it attractive in ARGs emission reduction. The
variations in the abundances of ARGs and MGEs in OFRs were investi-
gated before and after Fenton oxidation treatment. As shown in Fig. 7,
nine ARGs and MGEs (intI1 and intl2) were detected in the raw OFRs. By
contrast, the tetG, tetO, tetX, tetW, tet32, tetQ, intl1 and intl2 were not
detected in the dreg of Fenton-treated OFRs, and also the tetG, tetO, intl1
and intI2 in the supernatant, suggesting the inactivation effect of Fenton
oxidation treatment on ARGs and MGEs. The abundances of the tested
ARGs (except tetC and tetA) and two MGEs in the treated OFRs showed a
significant decline compared with raw OFRs, but few differences were
observed for tetC and tetA. Previous study confirmed that reactive oxy-
gen species may cause grave oxidative base lesions and modificate 2-
deoxyribose respectively, resulting in genes destruction (Cadet et al.,
2010). HO®, 105, 0%~ and H,0, play outstanding role, among them HO®
((Eg(HO®*/H20) = +2.8 Vnyg) was the most reactive (Chatterjee and
Walker, 2017). HO® reacted with antibiotic resistant bacteria, resulting
in cell death and DNA leakage (Ahmed et al., 2020). HO® further
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Fig. 7. Changes of the gene copies of ARGs and integrons in raw OFRs, treated

OFRs, and the supernatant and dreg of treated OFRs.

attacked the DNA bases through I) adding to double bond, II) replacing
hydrogen atom in methyl group, and III) attacking sugar residue in DNA
bases immediate vicinity (Ahmed et al., 2021), resulting in DNA damage
(Shi et al., 2022b; Vilela et al., 2021). Therefore, it is reasonable that the
Fenton oxidation treatment can decrease the abundances of ARGs and
MGEs in OFRs effectively.

4. Conclusion

This study attempted to explore the performance of OTC degradation
and ARGs inactivation in OFRs by Fenton oxidation. The results sug-
gested that Fenton oxidation treatment instantaneously and effectively
removed OTC in OFRs under the conditions of 60 mM H505, 140 mg/L
Fe?", and neutral pH 7. The method of Fenton oxidation boosted the
release of polysaccharides, NO3-N and PO4-P into the suspension,
whereas reduced the release of proteins and NH3-N. Three water-soluble
fluorescence components of OFRs were significantly degraded after the
treatment of Fenton reaction. Twelve possible degradation in-
termediates of OTC in the Fenton-treated OFRs were identified, and
correspondingly three degradation pathways were proposed. The pre-
dicted acute toxicities of major intermediates could be relieved effec-
tively, lowering the environmental risks of OFRs. Notably, Fenton
oxidation treatment could reduce the abundances of the most of ARGs
and MGEs in OFRs. Therefore, Fenton oxidation method could be a
promising approach for the removal of antibiotics and ARGs in antibiotic
fermentation residues. Considering the huge production of antibiotic
fermentation residues, large-scale practice of harmless treatment using
Fenton oxidation requires in-depth study and assessment.

Credit author statement

Wengiang Jia: Data curation, Formal analysis, Investigation, Writing
— original draft. Jian Wang: Data curation, Investigation. Jiaying Song:
Data curation, Formal analysis, Investigation. Jinying Li and Xue Li:
Investigation. Qianwen Wang: Methodology, Investigation. Xiang Chen:
Formal analysis, Supervision. Guocheng Liu: Conceptualization, Writing
— review & editing, Supervision, Funding acquisition. Qinghua Yan:
Formal analysis, Supervision. Chengzhi Zhou: Software, Supervision.
Shuaishuai Xin: Conceptualization, Writing — review & editing, Super-
vision. Yanjun Xin: Supervision, Funding acquisition. All authors read
and approved the final manuscript.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



W. Jia et al.
Data availability

Data will be made available on request.
Acknowledgements

This work was financially supported by National Natural Science
Foundation of China (52170135), and thanks for the supporting of
sample testing by Instrumental Analysis Center of Qingdao Agricultural
University.

Appendix. ASupplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2023.139201.

References

Ahmed, Y., Lu, J., Yuan, Z., et al., 2020. Efficient inactivation of antibiotic resistant
bacteria and antibiotic resistance genes by photo-Fenton process under visible LED
light and neutral pH. Water Res. 179, 115878 https://doi.org/10.1016/j.
watres.2020.115878.

Ahmed, Y., Zhong, J., Yuan, Z., et al., 2021. Simultaneous removal of antibiotic resistant
bacteria, antibiotic resistance genes, and micropollutants by a modified photo-
Fenton process. Water Res. 197, 117075 https://doi.org/10.1016/j.
watres.2021.117075.

Aygun, A, Yilmaz, T., Nas, B., et al., 2012. Effect of temperature on fenton oxidation of
young landfill leachate: kinetic assessment and sludge properties. Globalnest Int. J.
14 (4), 487-495. https://doi.org/10.1016/j.ecoleng.2012.09.001.

Bai, S., Xi, B., Li, X., et al., 2021. Anaerobic digestion of chicken manure: sequences of
chemical structures in dissolved organic matter and its effect on acetic acid
production. J. Environ. Manag. 296, 113245 https://doi.org/10.1016/j.
jenvman.2021.113245.

Brillas, E., 2022. Fenton, photo-Fenton, electro-Fenton, and their combined treatments
for the removal of insecticides from waters and soils. A review. Separ. Purific.
Technol. 284, 120290 https://doi.org/10.1016/j.seppur.2021.120290.

Brillas, E., Garcia-Segura, S., 2020. Benchmarking recent advances and innovative
technology approaches of Fenton, photo-Fenton, electro-Fenton, and related
processes: a review on the relevance of phenol as model molecule. Separ. Purif.
Technol. 237, 116337 https://doi.org/10.1016/j.seppur.2019.116337.

Cadet, J., Douki, T., Ravanat, J., 2010. Oxidatively generated base damage to cellular
DNA. Free Radical Biol. Med. 49 (1), 9-21. https://doi.org/10.1016/].
freeradbiomed.2010.03.025.

Cai, C., Liu, H., Dai, X., et al., 2019. Multiple selection of resistance genes in arable soil
amended with cephalosporin fermentation residue. Soil Biol. Biochem. 136, 107538
https://doi.org/10.1016/j.s0ilbio.2019.107538.

Cai, C., Liu, H., Wang, B., 2017. Performance of microwave treatment for disintegration
of cephalosporin mycelial dreg (CMD) and degradation of residual cephalosporin
antibiotics. J. Hazard Mater. 331, 265-272. https://doi.org/10.1016/j.
jhazmat.2017.02.034.

Cao, M., Wang, P., Ao, Y., et al., 2016. Visible light activated photocatalytic degradation
of tetracycline by a magnetically separable composite photocatalyst: graphene
oxide/magnetite/cerium-doped titania. J. Colloid Interface Sci. 467, 129-139.
https://doi.org/10.1016/j.jcis.2016.01.005.

Chatterjee, N., Walker, G., 2017. Mechanisms of DNA damage, repair, and mutagenesis.
Environ. Mol. Mutagen. 58, 235-263. https://doi.org/10.1002/em.22087.

Chen, W., Geng, Y., Hong, J., et al., 2017a. Life cycle assessment of antibiotic mycelial
residues management in China. Renew. Sustain. Energy Rev. 79, 830-838. https://
doi.org/10.1016/j.rser.2017.05.120.

Chen, Y., Ma, Y., Yang, J., et al., 2017b. Aqueous tetracycline degradation by H202
alone: removal and transformation pathway. Chem. Eng. J. 307, 15-23. https://doi.
0rg/10.1016/j.cej.2016.08.046.

Chu, L., Chen, D., Wang, J., et al., 2019. Degradation of antibiotics and antibiotic
resistance genes in erythromycin fermentation residues using radiation coupled with
peroxymonosulfate oxidation. Waste Manag. 96, 190-197. https://doi.org/10.1016/
j-wasman.2019.07.031.

Chu, L., Chen, D., Wang, J., et al., 2020. Degradation of antibiotics and inactivation of
antibiotic resistance genes (ARGs) in Cephalosporin C fermentation residues using
ionizing radiation, ozonation and thermal treatment. J. Hazard Mater. 382, 121058
https://doi.org/10.1016/j.jhazmat.2019.121058.

Gamaralalage, D., Sawai, O., Nunoura, T., 2019. Degradation behavior of palm oil mill
effluent in Fenton oxidation. J. Hazard Mater. 364, 791-799. https://doi.org/
10.1016/j.jhazmat.2018.07.023.

Ge, L., Dong, Q., Halsall, C., et al., 2018. Aqueous multivariate phototransformation
kinetics of dissociated tetracycline: implications for the photochemical fate in
surface waters. Environ. Sci. Pollut. Control Ser. 25 (16), 15726-15732. https://doi.
org/10.1007/s11356-018-1765-0.

Ghanbari, F., Riahi, M., Kakavandi, B., et al., 2020. Intensified peroxydisulfate/
microparticles-zero valent iron process through aeration for degradation of organic
pollutants: kinetic studies, mechanism and effect of anions. J. Water Proc. Eng. 36,
101321 https://doi.org/10.1016/j.jwpe.2020.101321.

Chemosphere 336 (2023) 139201

Gong, P., Liu, H., Wang, G., et al., 2021. Enhanced depletion of antibiotics and
accelerated estabilization of dissolved organic matter by hydrothermal pretreatment
during composting of oxytetracycline fermentation residue. Bioresour. Technol. 339,
125618 https://doi.org/10.1016/j.biortech.2021.125618.

Gong, P., Liu, H., Wang, M., et al., 2020a. Characteristics of hydrothermal treatment for
the disintegration of oxytetracycline fermentation residue and inactivation of
residual antibiotics. Chem. Eng. J. 402, 126011 https://doi.org/10.1016/j.
cej.2020.126011.

Gong, P., Liu, H., Xin, Y., et al., 2020b. Composting of oxytetracycline fermentation
residue in combination with hydrothermal pretreatment for reducing antibiotic
resistance genes enrichment. Bioresour. Technol. 318, 124271 https://doi.org/
10.1016/j.biortech.2020.124271.

Gupta, A., Garg, A., 2018. Degradation of ciprofloxacin using Fenton’s oxidation: effect
of operating parameters, identification of oxidized by-products and toxicity
assessment. Chemosphere 193, 1181-1188. https://doi.org/10.1016/j.
chemosphere.2017.11.046.

Her, N., Amy, G., Park, H., et al., 2004. Characterizing algogenic organic matter (AOM)
and evaluating associated NF membrane fouling. Water Res. 38 (6), 1427-1438.
https://doi.org/10.1016/j.watres.2003.12.008.

Hu, J., Hong, C., Li, Z., et al., 2020. Nitrogen release of hydrothermal treatment of
antibiotic fermentation residue and preparation of struvite from hydrolysate. Sci.
Total Environ. 713, 135174 https://doi.org/10.1016/j.scitotenv.2019.135174.,

Jiang, M., Song, S., Liu, H., et al., 2022. Responses of methane production, microbial
community and antibiotic resistance genes to the mixing ratio of gentamicin
mycelial residues and wheat straw in anaerobic co-digestion process. Sci. Total
Environ. 806 (2), 150488 https://doi.org/10.1016/j.scitotenv.2021.150488.

Liu, H., Chen, Q., Yu, Y., et al., 2013. Influence of Fenton’s reagent doses on the
degradation and mineralization of H-acid. J. Hazard Mater. 263 (2), 593-599.
https://doi.org/10.1016/j.jhazmat.2013.10.021.

Liu, W, Li, J., Li, X., et al., 2022a. Increasing the removal efficiency of antibiotic
resistance through anaerobic digestion with free nitrous acid pretreatment.

J. Hazard Mater. 438, 129535 https://doi.org/10.1016/j.jhazmat.2022.129535.

Liu, Y., Deng, S., Chen, L., et al., 2022b. Spectroscopic characterization of soil dissolved
organic matter during dielectric barrier discharge (DBD) plasma treatment: effects of
discharge power, atmosphere and soil moisture content. Chemosphere 297, 134145.
https://doi.org/10.1016/j.chemosphere.2022.134145.

Liu, Y., He, X,, Fu, Y., et al., 2016a. Degradation kinetics and mechanism of
oxytetracycline by hydroxyl radical-based advanced oxidation processes. Chem. Eng.
J. 284, 1317-1327. https://doi.org/10.1016/j.cej.2015.09.034.

Liu, Y., He, X., Fu, Y., et al., 2016b. Kinetics and mechanism investigation on the
destruction of oxytetracycline by UV-254nm activation of persulfate. J. Hazard
Mater. 305, 229-239. https://doi.org/10.1016/j.jhazmat.2015.11.043.

Liu, Y., Wang, X., Sun, Q., et al., 2022c. Enhanced visible light photo-Fenton-like
degradation of tetracyclines by expanded perlite supported FeMo(3)O(x)/g-C(3)N(4)
floating Z-scheme catalyst. J. Hazard Mater. 424 (A), 127387 https://doi.org/
10.1016/j.jhazmat.2021.127387.

Lu, Q., Dai, L., Li, L., et al., 2021. Valorization of oxytetracycline fermentation residue
through torrefaction into a versatile and recyclable adsorbent for water pollution
control. J. Environ. Chem. Eng. 9 (4), 105397 https://doi.org/10.1016/j.
jece.2021.105397.

Lu, W., Chen, N., Feng, C., et al., 2020. Treatment of polluted river sediment by
electrochemical oxidation: changes of hydrophilicity and acute cytotoxicity of
dissolved organic matter. Chemosphere 243, 125283. https://doi.org/10.1016/j.
chemosphere.2019.125283.

Lund, M., Heinonen, M., Baron, C., et al., 2011. Protein oxidation in muscle foods: a
review. Mol. Nutr. Food Res. 55 (1), 83-95. https://doi.org/10.1002/
mnfr.201000453.

Ma, W., Yao, B., Zhang, W., et al., 2021. Fabrication of PVDF-based piezocatalytic active
membrane with enhanced oxytetracycline degradation efficiency through
embedding few-layer E-MoS2 nanosheets. Chem. Eng. J. 415, 129000 https://doi.
org/10.1016/j.cej.2021.129000.

Mochizuki, Y., Bud, J., Liu, J., et al., 2021. Adsorption of phosphate from aqueous using
iron hydroxides prepared by various methods. J. Environ. Chem. Eng. 9 (1), 104645
https://doi.org/10.1016/j.jece.2020.104645.

Nguyen, C., Tran, M., Van, T, et al., 2021. Efficient removal of antibiotic oxytetracycline
from water by Fenton-like reactions using reduced graphene oxide-supported
bimetallic Pd/nZVI nanocomposites. J. Taiwan Inst. Chem. Eng. 119, 80-89. https://
doi.org/10.1016/j.jtice.2021.02.001.

Oturan, M., Oturan, N., Edelahi, M., et al., 2011. Oxidative degradation of herbicide
diuron in aqueous medium by Fenton’s reaction based advanced oxidation processes.
Chem. Eng. J. 171 (1), 127-135. https://doi.org/10.1016/].cej.2011.03.072.

Pan, M., Xin, Y., Wang, Z., et al., 2023. Benign treatment and resource utilization
characteristics of doramectin fermentation residues. J. Clean. Prod. 401, 136777
https://doi.org/10.1016/j.jclepro.2023.136777.

Pulicharla, R., Brar, S., Rouissi, T., et al., 2017. Degradation of chlortetracycline in
wastewater sludge by ultrasonication, Fenton oxidation, and ferro-sonication.
Ultrason. Sonochem. 34, 332-342. https://doi.org/10.1016/j.ultsonch.2016.05.042.

Qu, F., Liang, H., Wang, Z., et al., 2012. Ultrafiltration membrane fouling by extracellular
organic matters (EOM) of Microcystis aeruginosa in stationary phase: influences of
interfacial characteristics of foulants and fouling mechanisms. Water Res. 46 (5),
1490-1500. https://doi.org/10.1016/j.watres.2011.11.051.

Ramanayaka, S., Sarkar, B., Cooray, A., et al., 2020. Halloysite nanoclay supported
adsorptive removal of oxytetracycline antibiotic from aqueous media. J. Hazard.
Mater. 384, 121301 https://doi.org/10.1016/j.jhazmat.2019.121301.

Rice, E., Association, A., 2012. Standard Methods for the Examination of Water and
Wastewater. China Architecture & Building Press.



W. Jia et al.

Shen, Y., Zhuan, R., Chu, L., et al., 2019. Inactivation of antibiotic resistance genes in
antibiotic fermentation residues by ionizing radiation: exploring the development of
recycling economy in antibiotic pharmaceutical factory. Waste Manag. 84, 141-146.
https://doi.org/10.1016/j.wasman.2018.11.039.

Shi, H., Li, C., Wang, L., et al., 2022a. In-situ synthesis of ZnSe nanoparticles onto
monoclinic BiVO4 for boosted photocatalytic decomposition of ammonia nitrogen in
water. J. Environ. Chem. Eng. 10 (6), 108881 https://doi.org/10.1016/].
jece.2022.108881.

Shi, J., Wang, B., Li, X., et al., 2022b. Distinguishing removal and regrowth potential of
antibiotic resistance genes and antibiotic resistant bacteria on microplastics and in
leachate after chlorination or Fenton oxidation. J. Hazard Mater. 430, 128432
https://doi.org/10.1016/j.jhazmat.2022.128432.

Song, S., Jiang, M., Yao, J., et al., 2020. Alkaline-thermal pretreatment of spectinomycin
myecelial residues: insights on anaerobic biodegradability and the fate of antibiotic
resistance genes. Chemosphere 261, 127821. https://doi.org/10.1016/j.
chemosphere.2020.127821.

Stedmon, C.A., Bro, R., 2008. Characterizing dissolved organic matter fluorescence with
parallel factor analysis: a tutorial. Limnol Oceanogr. Methods 6 (11), 572-579.
https://doi.org/10.4319/1om.2008.6.572.

Tang, S., Yuan, D., Rao, Y., et al., 2018. Evaluation of antibiotic oxytetracycline removal
in water using a gas phase dielectric barrier discharge plasma. J. Environ. Manag.
226, 22-29. https://doi.org/10.1016/j.jenvman.2018.08.022.

Turner, B., Leytem, A., 2004. Phosphorus compounds in sequential extracts of animal
manures: chemical speciation and a novel fractionation procedure. Environ. Sci.
Technol. 38 (22), 6101-6108. https://doi.org/10.1021/es0493042.

Tyagi, M., Kumari, N., Jagadevan, S., 2020. A holistic Fenton oxidation-biodegradation
system for treatment of phenol from coke oven wastewater: optimization, toxicity
analysis and phylogenetic analysis. J. Water Proc. Eng. 37, 101475 https://doi.org/
10.1016/j.jwpe.2020.101475.

Vilela, P., Mendonca, R., Starling, M., et al., 2021. Metagenomic analysis of MWWTP
effluent treated via solar photo-Fenton at neutral pH: effects upon microbial
community, priority pathogens, and antibiotic resistance genes. Sci. Total Environ.
801, 149599 https://doi.org/10.1016/j.scitotenv.2021.149599.

Wang, G., Deng, D., Hu, C., et al., 2020a. More effective removal of antibiotic resistance
genes from excess sludge by microwave integrated fenton treatment. Int. Biodeterior.
Biodegrad. 149, 104920 https://doi.org/10.1016/j.ibiod.2020.104920.

Wang, J., Liu, C., Feng, J., et al., 2020b. MOFs derived Co/Cu bimetallic nanoparticles
embedded in graphitized carbon nanocubes as efficient Fenton catalysts. J. Hazard
Mater. 394, 122567 https://doi.org/10.1016/j.jhazmat.2020.122567.

Wang, M., Zhang, B., Cai, C., et al., 2018. Acidic hydrothermal treatment: characteristics
of organic, nitrogen and phosphorus releasing and process optimization on
lincomycin removal from lincomycin mycelial residues. Chem. Eng. J. 336, 436-444.
https://doi.org/10.1016/j.cej.2017.12.041.

Wang, Q., Zhang, Z., Xu, G., et al., 2021. Pyrolysis of penicillin fermentation residue and
sludge to produce biochar: antibiotic resistance genes destruction and biochar
application in the adsorption of penicillin in water. J. Hazard Mater. 413, 125385
https://doi.org/10.1016/j.jhazmat.2021.125385.

Wang, R., Zhu, W., Zhao, S., et al., 2022. Hydrothermal oxidation-precipitation method
for recovering phosphorus from dewatered sludge and the mechanisms involved.
Separ. Purif. Technol. 298, 121580 https://doi.org/10.1016/j.seppur.2022.121580.

Wen, C., Paul, W., Leenheer, J., et al., 2003. Fluorescence excitation-emission matrix
regional integration to quantify spectra for dissolved organic matter. Environ. Sci.
Technol. 37 (24), 5701-5710.

Wu, Z., Gu, Y., Xin, S., et al., 2022. CuxNiyCo-LDH nanosheets on graphene oxide: an
efficient and stable Fenton-like catalyst for dual-mechanism degradation of

10

Chemosphere 336 (2023) 139201

tetracycline. Chem. Eng. J. 434, 134574 https://doi.org/10.1016/j.
cej.2022.134574.

Xin, S., Liu, G., Ma, X., et al., 2021a. High efficiency heterogeneous Fenton-like catalyst
biochar modified CuFeO2 for the degradation of tetracycline: economical synthesis,
catalytic performance and mechanism. Appl. Catal. B Environ. 280, 119386 https://
doi.org/10.1016/j.apcatb.2020.119386.

Xin, S., Ma, B., Liu, G., et al., 2021b. Enhanced heterogeneous photo-Fenton-like
degradation of tetracycline over CuFeO(2)/biochar catalyst through accelerating
electron transfer under visible light. J. Environ. Manag. 285, 112093 https://doi.
org/10.1016/j.jenvman.2021.112093.

Xin, S., Ma, B., Zhang, C., et al., 2021c. Catalytic activation of peroxydisulfate by alfalfa-
derived nitrogen self-doped porous carbon supported CuFeO2 for nimesulide
degradation: performance, mechanism and DFT calculation. Appl. Catal. B Environ.
294, 120247 https://doi.org/10.1016/j.apcatb.2021.120247.

Xu, H., Cai, H., Yu, G., et al., 2013. Insights into extracellular polymeric substances of
cyanobacterium Microcystis aeruginosa using fractionation procedure and parallel
factor analysis. Water Res. 47 (6), 2005-2014. https://doi.org/10.1016/].
watres.2013.01.019.

Yang, G., Liang, Y., Xiong, Z., et al., 2021. Molten salt-assisted synthesis of Ce407/
Bi4MoO9 heterojunction photocatalysts for Photo-Fenton degradation of
tetracycline: enhanced mechanism, degradation pathway and products toxicity
assessment. Chem. Eng. J. 425, 130689 https://doi.org/10.1016/j.cej.2021.130689.

Yang, Y., Zeng, G., Huang, D., et al., 2020. Molecular engineering of polymeric carbon
nitride for highly efficient photocatalytic oxytetracycline degradation and H202
production. Appl. Catal. B Environ. 272, 118970 https://doi.org/10.1016/j.
apcatb.2020.118970.

Zha, S., Cheng, Y., Gao, Y., et al., 2014. Nanoscale zero-valent iron as a catalyst for
heterogeneous Fenton oxidation of amoxicillin. Chem. Eng. J. 255, 141-148.
https://doi.org/10.1016/j.cej.2014.06.057.

Zhang, B., He, X,, Yu, C., et al., 2022. Degradation of tetracycline hydrochloride by
ultrafine TiO2 nanoparticles modified g-C3N4 heterojunction photocatalyst:
influencing factors, products and mechanism insight. Chin. Chem. Lett. 33 (3),
1337-1342. https://doi.org/10.1016/j.cclet.2021.08.008.

Zhang, Y., Liu, H., Dai, X., et al., 2020. The release of organic matter, nitrogen,
phosphorus and heavy metals from erythromycin fermentation residue under heat-
activated persulfate oxidation conditioning. Sci. Total Environ. 724, 138349 https://
doi.org/10.1016/j.scitotenv.2020.138349.

Zhang, Y., Meng, C., He, Y., et al., 2021. Influence of cell lysis by Fenton oxidation on
cryptic growth in sequencing batch reactor (SBR): implication of reducing sludge
source discharge. Sci. Total Environ. 789, 148042 https://doi.org/10.1016/j.
scitotenv.2021.148042.

Zhou, Y., He, J., Lu, J., et al., 2020. Enhanced removal of bisphenol A by cyclodextrin in
photocatalytic systems: degradation intermediates and toxicity evaluation. Chin.
Chem. Lett. 31 (10), 2623-2626. https://doi.org/10.1016/j.cclet.2020.02.008.

Zhu, G., Yu, X, Xie, F., et al., 2019. Ultraviolet light assisted heterogeneous Fenton
degradation of tetracycline based on polyhedral Fe304 nanoparticles with exposed
high-energy {110} facets. Appl. Surf. Sci. 485, 496-505. https://doi.org/10.1016/].
apsusc.2019.04.239.

Zhu, X., Yang, S., Wang, L., et al., 2016. Tracking the conversion of nitrogen during
pyrolysis of antibiotic mycelial fermentation residues using XPS and TG-FTIR-MS
technology. Environ. Pollut. 211, 20-27. https://doi.org/10.1016/j.
envpol.2015.12.032.

Zouanti, M., Bezzina, M., Dhib, R., 2020. Experimental study of degradation and
biodegradability of oxytetracycline antibiotic in aqueous solution using Fenton
process. Environ. Eng. Res. 25 (3), 316-323.



1 TOP SCI

BEBRNE LRSI EH TIE
M RAEHA

BICHAL | FHRLXF
it A | HEK
32 A Fk 2 B A 2021 5 K & # X “Investigating the effects of biochar
ﬁ?\’ Ej? colloids and nanoparticles on cucumber early seedlings” #& SCI # 3% Z ik
FABARH FAHE JCR AAYRE T 55 ERE L
ik e i 5K

SCI 1A (F14%)

A% JCR BRI #aBF 545 K13 &
HE (k%)

FRE (hX)

.8

SCIENCE OF THE : ENVIRONMENTAL
TOTAL %&if;i& SCIENCES
ENVIRONMENT THEAE 1K

sy | ERABLAEN, WHEHRIENHIRIAF A,
FALR, TARE, HERARELFIIE,

aBA T oty —~ | EEA o £

E: LBFIARRYHETFELE G 2020 £ 5 BA 2B B 2 BTl R %,
2. H #T web of science # %% & &, KB K 4 SCI 5 SCIE, % —# SCI, 4% M348 ;
338 A LI 6

ggﬁ% 11H 19 Ef‘ ";

REMHE: SCIE, 4600 BRARURE 7



追风筝的王同学
附件3：中科院1区TOP期刊 SCI 论文，第三作者


Web of Science  InCites  Jeurnal Citation Reports

Web of Science

BERSTRER

Essential Science Indicaters

Publons

Kopernio

menex | Beuwesic| exem - | [ sw. ||

EmEmEERAR |

:rJournal List

IR~

v B X v

BpRe

3 Clarivate
Analytics
REFRE: v RFEHE  WRCERFIE

L%, HIF P

Investigating the effects of biochar colloids and nanoparticles on cucumber early seedlings

{ES: Liu, GC (Liy, Guocheng)[ 11, Pan, MQ (Pan, Meiqi)[ 1] i Song, JY (Song, Jiaying)[ 1] ; Guo, MY (Guo, Mengyao)[ 11 xu, LN (Xu, Lirm)[Z ) Xin, vJ (Xin,

Yanjun){ 1]

SCIENCE OF THE TOTAL ENVIRONMENT
£: 804

MR8 150233

DOI: 10.1016/j.scitotenv.2021.150233
HHRSE: JAN 152022
XHRHEBY: Article
ERBTIEWD

e N

Understanding abot th'g}!@ce of blochar collmdal an%c‘

Ng. 0), and examine phi flological responses of cucumber early seedlings through hydroponic culture and
while it decreased root biomass and inhibited lateral root development. The
after 500 mg/L NB60O treatment. Water content of NB60Oexposed shoot was lower,
g exposure stress, root hair number and length increased. Even, the study observed
00 and NB600. These adverse effects might be associated with the contact and adhesion
concentration of 50 mg/L, NB600 did not influence cucumber early seedlings. In soil,
ely high contents of 500 mg/kg and 2000 mg/kg. This study provides useful information for
risk of biochar colloids and nanoparticles, which has significant implications with regard to biochar

n shoot at|

swelling and hyperplasidpf root hairs afteg:l rq?(posure of
of CB600 and NB600 with shiarp edges to rt ace. Fora

CB600 and NB600 did not cause i
understanding phytotoxicity and environm
application safety. (c) 2021 Published by Elsevier BV.

ibitory effect at

ES 0]

{ERXERI: Biochar; Colloids; Nanoparticles; Seedling; Root morphology

KeyWords Plus: DISSOLVED BLACK CARBON; PYROLYSIS TEMPERATURE; PLANT-GROWTH; HEAVY-METALS; HUMIC-ACID; SOIL; TRANSPORT;

AGGREGATION; STABILITY; TOXICITY

fFEER
EEE AL

e particles on plant is limited. We therefore extracted the colloids and nanoparticles

Qingdao Agricultural University Qingdao Agr Univ, Coll Resource & Environm, Qingdao Engn Res Ctr Rural Environm, Qingdao 266109, Peoples R China.

WER L Liv, GG Xin, YJ (BIRAES)

4 Qingdao Agr Univ, Coll Resource & Environm, Qingdao Engn Res Ctr Rural Environm, Qingdao 266109, Peoples R China.

bk

# (1] Qingdao Agr Univ, Coll Resource & Environm, Qingdao Engn Res Ctr Rural Environm, Qingdao 266109, Peoples R China

i+ [2]Qingdao Agr Univ, Coll Landscape Architecture & Forestry, Qingdao 266109, Peoples R China

BF Rt [g@gau.edu.cn; xintom2000@126.com

BB

BeRE BREE }EHIE
Natural Science Foundationof Shandong Province  zmoowoin
Eat;;r:z;lit;lia‘trl;ailgaénce Foundatlon ofchlna (NSFC') ) ) 52070{077 o

Research Foundation for Talented Scholars of Qingdao Agricultural University

Support Plan on Youth Innovation Scmnce and Technology for Higher Educatnon ofShandong Province

2019KJD014

6651119010

ARSI EER

HHRRE

ELSEVIER, RADARWEG 29, 1043 NX AMSTERDAM, NETHERLANDS

HTIER

Impact Factor (208 F): Journal Citation Reports

EGIIRAES
FA5EA: Environmental Sciences & Ecology
Web of Science #8l): Environmental Sciences

XEkER

IBE: English

AFES: WO0S:000704389800013
PubMed ID: 34520920

ISSN: 0048-9697

elSSN: 1879-1026

HittER

IDS B: WC6TZ

Web of Science Bty $EFAY "SIFRISE AR 60
Web of Science ZALE #EHRY "HBIHR": 0

B3R

TE Web of Science AV SHE
WIBIR
A o3RG

60

3R -
ERERER

e
= "VE;

O Sitwnie) WETHELEMRK... 55T
i oL
Eco-friendly cnrboxyr?ﬁt?lyl cellulose
hydrogels filled with nanocellulose or
nanoclays for agricultureapplications ¢
soil conditioning and (_917:\knt carrier,
their impact on cucumber growin|
COLLOIDS AND SURFACES A,
PHYSICOCHEMICAL AND'
ASPECTS (2021)

INEERING

Phosphorus uptake, distribution and
transformation with Chlorella vulgaris
under different trophic modes.
CHEMOSPHERE (2021)

Adsorption and catalytic degradation of
preservative parabens by graphene-family
nanomaterials.

SCIENCE OF THE TOTAL ENVIRONMENT
(2022)

Effects of biochar nanoparticles as a soil
amendment on the structure and
hydraulic characteristics of a sandy loam
soil.

SOIL USE AND MANAGEMENT (2021 )

Controlling the Structural Robustness of
Zirconium-Based Metal Organic
Frameworks for Efficient Adsorption on
Tetracycline Antibiotics.

WATER (2021)

BEAREIIY

HF Web of Science R
£ Web of Science F (EFR3IREL
A 180 K WBEES
H—ETRE

Jliant-2d=H

Web of Science S

- Science Citation Index Expanded

RIUBIE
RBRRMPICRTIIBORR, W2

W




Science of the Total Environment 804 (2022) 150233

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o«
Total Environment

Investigating the effects of biochar colloids and nanoparticles on )

cucumber early seedlings

Check for
updates

Guocheng Liu**, Meiqi Pan?, Jiaying Song?, Mengyao Guo?, Lina XuP, Yanjun Xin ®*

@ Qingdao Engineering Research Center for Rural Environment, College of Resource and Environment, Qingdao Agricultural University, Qingdao 266109, China
b College of Landscape Architecture and Forestry, Qingdao Agricultural University, Qingdao 266109, China

HIGHLIGHTS

Effects of biochar colloids/nanoparticles
on cucumber seedlings were examined.
Hydroponic exposure of biochar col-
loids/nanoparticles inhibited root de-
velopment.

Hyperplasia and deformation of root
hairs occurred after direct exposure
treatment.

Biochar colloids/nanoparticles had no
negative impact on cucumber seedlings
in soil.
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ABSTRACT

Understanding about the influence of biochar colloidal and nanoscale particles on plant is limited. We therefore ex-
tracted the colloids and nanoparticles from hot pepper stalk biochar (CB600 and NB600), and examined physiolog-
ical responses of cucumber early seedlings through hydroponic culture and pot experiment. CB600 had no significant
effect on shoot at 500 mg/L, while it decreased root biomass and inhibited lateral root development. The biomass and
root length, area, and tip number dramatically reduced after 500 mg/L NB600 treatment. Water content of NB600-
exposed shoot was lower, suggesting water uptake and transfer might be hindered. For resisting exposure stress,
root hair number and length increased. Even, the study observed swelling and hyperplasia of root hairs after direct
exposure of CB600 and NB600. These adverse effects might be associated with the contact and adhesion of CB600 and
NB600 with sharp edges to root surface. For a low concentration of 50 mg/L, NB600 did not influence cucumber early
seedlings. In soil, CB600 and NB600 did not cause inhibitory effect at relatively high contents of 500 mg/kg and
2000 mg/kg. This study provides useful information for understanding phytotoxicity and environmental risk of bio-
char colloids and nanoparticles, which has significant implications with regard to biochar application safety.

© 2021 Published by Elsevier B.V.

* Corresponding authors.

1. Introduction

Biochar is considered to have tremendous potential at carbon se-
questration (Lehmann et al., 2006), soil improvement (Agegnehu
et al., 2017), and pollutant remediation (Lian and Xing, 2017) owing

E-mail addresses: 1g@qau.edu.cn (G. Liu), xintom2000@126.com (Y. Xin). to its superior properties. In practical application, particle size is a key
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0048-9697/© 2021 Published by Elsevier B.V.
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index of biochar products, which can affect agronomic and environmen-
tal benefits greatly (Lim et al., 2016; Lu et al., 2020; Major, 2010). Re-
cently, a number of studies reported physical disintegration of
biochars, leading to the formation of microparticles and even nanopar-
ticles (Braadbaart et al., 2009; Liu et al., 2018a; Spokas et al., 2014). Be-
sides the degradation in particle size, physicochemical characteristics
(e.g., surface area, functional groups, and aromaticity, etc.) of biochar ul-
trafines had been demonstrated to differ from those of bulky biochar
(Oleszczuk et al., 2016; Qu et al.,, 2016; Song et al., 2019). Therefore, it
is reasonable to infer that biochar micro/nanoparticles will exhibit
unique biogeochemical processes in natural environment.

To date, the environmental behavior of ultrafine biochar has
attracted increasing attention. Several previous articles found that bio-
char nanoparticles had great mobility in the column of quartz sand or
soil (Chen et al., 2017; Wang et al., 2013a; Wang et al.,, 2013b), and
aging process could increase the transportability of biochar colloids
(Wang et al., 2019). Chen et al. (2018) reported that the wood chip bio-
char nanoparticles facilitated phosphorus (P) retention in acidic soils,
whereas caused more release of Fe/Al oxides-associated P in alkaline
soils. In salt-affected soils, nano-biochar could be used as enhancer for
P adsorption (Mahmoud et al., 2020). Biochar nanoparticles are also
able to reduce runoff and nitrate loss in sandy soils (Chen et al., 2020).
Biochar colloids and nanoparticles had strong colloidal stability (Song
etal, 2019; Yang et al.,, 2019) and consistently remained high dispersion
in natural freshwaters (Liu et al,, 2018a; Xu et al,, 2017). In addition, col-
loidal biochars showed excellent adsorption performance for heavy
metals (e.g., Cd*>* and Pb?*) (Qian et al., 2016; Xu et al., 2020), phthal-
ate esters (Ma et al., 2019), tetracycline (Ma et al,, 2020), and antibiotic
resistance genes (Lian et al., 2020). Also, the heteroaggregation of bio-
char nanoparticles with goethite could influence the adsorption of or-
ganic pollutants (e.g., phenanthrene) greatly (Lian et al., 2019). It is
noteworthy that the current studies primarily focus on physicochemical
processes of biochar micro/nanoparticles. Comparatively, our under-
standing regarding biological responses to biochar colloids and nano-
particles is rather scarce.

In general, dissolved hazardous substances can be detected in bio-
chars, such as heavy metals, polycyclic aromatic hydrocarbons (PAHs),
polychlorinated dioxins/furans (PCDDs/DFs) and persistent free radicals,
and these chemicals may cause environmental stress to organisms
(Lieke et al.,, 2018; Luo et al.,, 2020; Lyu et al,, 2016). Not only that, there
were numerous reports about complicated responses of microorganisms,
invertebrates, and plants to biochar particles with different size range
from hundreds of micrometers to several millimeters (Billah et al.,
2019; Prodana et al., 2019; Sarfraz et al., 2020). The studies of Yue et al.
(2019) and Shen et al. (2020) reported the detoxification of biochar nano-
particles on rice growth under the treatments of Cd and ferulic acid, re-
spectively. The specific fraction (pass through 0.45-um membrane) of
biochar also could facilitate photoreduction of Hg(II) to Hg(0) and reduce
Hg uptake by lettuce (Lactuca sativa L.) (Li et al., 2020). However, there is
limited information regarding the influence of direct exposure to biochar
micro/nanoparticles on plants. Zhang et al. (2020a) prepared six types of
nanoparticles from rice straw/wood sawdust-derived biochars and tested
their impacts on seed germination and growth of rice, tomato, and reed.
Zhang's work filled in the gap of the study about plant response to the ex-
posure of biochar ultrafine particles. But notably, the yield of colloidal par-
ticle release from bulk biochar was much greater than that of nanoparticle
formation (Liu et al,, 2018a; Song et al., 2019). Thus, it is imperative to ex-
amine the influence of biochar colloids and nanoparticles on plants to en-
sure biochar application safety.

Under the above backgrounds, this study prepared a bulky biochar
from the stalks of hot pepper (Capsicum frutescens L.) and extracted cor-
responding colloids and nanoparticles through a procedure of sonica-
tion, sedimentation, and centrifugation. Further, hydroponic and pot
experiments were carried out to explore the impacts of biochar colloids
and nanoparticles on plant seedlings. The findings will offer helpful in-
formation for cognizing the biological response of plants to the stress
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of ultrafine biochar and reveal potential environmental risk of the phys-
ical degradation of biochar bulk particles.

2. Materials and methods
2.1. Preparation of bulky, colloidal, and nano biochars

The hot pepper stalks were collected from a plastic greenhouse in
Shouguang, Shandong, China. The feedstock was washed by tap water
and then dried at 80 °C for 24 h before pyrolysis. The biochar was pro-
duced at 600 °C for 2 h under N, condition (Xin et al., 2021). The
biochar was lightly crushed to pass a 60-mesh sieve, soaked in distilled
water to remove soluble matters, and dried at 80 °C in a vacuum drying
oven. The biochar particles were regarded as bulk sample and named as
BB600.

The biochar colloids and nanoparticles were obtained as described
by Liu et al. (2018a). Briefly, 8 g BB600 was added in a beaker with
400 mL distilled water, stirred for 5 min, and then sonicated in water/
ice bath for 30 min (50% duty cycle, 300 W) (JY99-IIDN, Scientz,
China). After 24 h settling to remove >1-um particles, the suspension
was sucked out by a syringe and centrifuged at 4200g for 30 min to sep-
arate the colloids (>100 nm) and the supernatant containing biochar
nanoparticles (<100 nm). The extraction operation was repeated five
times. The settling particles, colloids, and nanoparticles of biochar
were labelled as RB600, CB600, and NB600, respectively. All the biochar
fractions were freezing-dried into powder form at —80 °C (10N, Scientz,
China) and stored in airtight bags.

2.2. Characterization of biochar samples

Transmission electron microscopy (TEM) (H-7650, Hitachi, Japan)
was employed for morphological observation of CB600 and NBG0O.
Fourier transform infrared spectroscopy (FTIR) was obtained by an
IRTracer-100 (Shimadzu, Japan). Each of the biochars was scanned for
30 times with a range of 500 cm™"' to 4000 cm™ . The biochar samples
were scanned by a DXR Raman microscope (Thermo Scientific, USA) to
collect Raman spectra. A 532 nm laser was used as excitation source.
Raman spectrum deconvolution was performed to analyze the hidden
species of carbon structures with Gaussian-Lorentzian curve-fitting for-
mulas (Yu et al,, 2020).

2.3. Seed germination and hydroponic treatment

Seeds of cucumber were obtained from Institute of Vegetable and
Flower, Chinese Academy of Agricultural Sciences. The cucumber seeds
were sterilized in 10% H,0, solution for 10 min and thoroughly washed
with deionized water. BB600 and RB600 were wetted and stirred in
deionized water for 2 h, respectively, and the suspensions of CB600 and
NB600 were prepared and dispersed by sonicating for 5 min. For the
germination, the seeds were exposed to biochar suspension in glass
Petri dishes. Briefly, 10-mL of biochar suspension was added into each
dish with one piece of filter paper, and following 20 grains of sterile
seeds were put onto the filter paper. The concentration of biochar sus-
pension is 500 mg/L. Taking possible nanotoxicity of biochar nanoparti-
cles on plants (Zhang et al., 2020a), a relatively lower concentration
(50 mg/L) was used for NB600 exposure in this study. The treatments
were run in quintuplicate along with a blank without biochar (Control),
and all the dishes were placed in dark at 25 °C randomly. After 3 days,
the germination of seeds was examined and counted.

To examine root development in the presence of biochar particles,
the roots were exposed in biochar suspensions directly. The cucumber
seeds were placed on wet filter paper until radicle broke through seed
coat, wrapped with soft sponge gently, then transferred and vertically
fixed into a perforated foam board. The foam board (10 seeds/board)
was put into a cubic glass container with biochar suspension and kept
water submerge the radicles. The above procedure is shown in Fig. S1.
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For this testing, the concentrations of biochar suspensions are consis-
tent with those of seed germination experiment. Each treatment was
conducted in triplicates, and the suspensions of biochars were replaced
every 24 h. After 3-day culturing, half of the early seedlings were sam-

pled to measure fresh and dry weight of shoot and root. Other half

was used to analyze root morphology (length, diameter, tip number,
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area, and volume) using an Epson scanner (Expression 12000XL,
Epson, Japan) and WinRHIZO soft (Pro 2005, Regent instruments Inc.,
Canada) (Wang et al., 2017). The roots and root hairs were further ob-
served using a Leica DM500 microscope (Germany) and analyzed with
the Leica Application Suite software, and the number and length of
root hairs were counted and measured by the Image | software.
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Fig. 1. FTIR spectra (A) of biochars and fitted-curves for Raman spectra of BB600 (B), RB600 (C), CB600 (D), and NB60O (E). (F) indicates the percentage of fitting peak area to total area of

all the peaks.
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2.4. Pot experiment

Surface samples (0-20 cm) of lime concretion black soil were col-
lected from a cropland in Qingdao, Shandong, China (36°89'N, 120°52’
E). The soil was air-dried, passed through a 2-mm sieve, and homoge-
nized. The soil properties were: pH 7.41, bulk density 1.46 g/cm?, soil or-
ganic matter 12.6 g/kg, cation exchange capacity 23.3 cmol/kg, total
nitrogen 0.68 g/kg, total phosphorus 0.72 g/kg, available nitrogen
160 mg/kg, available phosphorus 42.8 mg/kg, available potassium
143 mg/kg, sand 30.7%, silt 38.8%, and clay 30.5%. The suspensions of
CB600 and NB600 were added into soil and incubated at 60% of water
holding capacity and (28 4 2) °C for 7 days. The adding contents of bio-
char into soil were 500 mg/kg and 2000 mg/kg, respectively, which was
converted basing on a commonly used application rate of bulk biochar
(5%) and the yield of biochar colloids and nanoparticles (1%-4%) (Liu
et al, 2018a; Zhang et al.,, 2020a). The treated soils were air-dried, ho-
mogenized, and incubated again before sowing. Five cucumber seeds
were sowed in 100 g soil per pot, and thinned to the best two for further
experiment. After 7 days of incubation, the shoots and roots of cucum-
ber seedlings were separately harvested to obtain the data of plant
height, fresh weight, dry weight, and root morphological parameters.
The pot experiment was run in quintuplicates.

2.5. Statistical analysis

The experimental data were expressed as mean values with stan-
dard deviation. A one-way analysis of variance (ANOVA) was employed
to analyze statistical significance by the Least Significant Difference
(LSD) test (p < 0.05) using SPSS 20.0.
3. Results and discussion

3.1. Properties of biochar samples

The morphological images of CB600 and NB600 from TEM observa-
tion are shown in Fig. S2. Both CB600 and NB600 in the TEM graphs
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are solid particles with diverse appearance, which were similar with
the micromorphology of peanut shell biochar colloids and nanoparticles
in our previous study (Liu et al., 2018a). Also, Wang et al. (2019) re-
ported an irregular shape of pinewood chip-derived biochar nanoparti-
cles, and Ma et al. (2019) observed various shapes of biochar colloids
from corn straw and rice husk using scanning electron microscopy. In-
consistently, the biochar colloids and nanoparticles existed as smooth
spheres under TEM observation in some articles (Hameed et al., 2020;
Zhang et al., 2020a). In accordance to TEM images, the particle diameter
of CB600 and NB600 was measured and analyzed. The particle size of
CB600 and NB600 was in the range of (0.2-4.0) um and (20-150) nm,
respectively, and their average diameter was (1.47 + 0.82) um and
(59.0 £ 28.1) nm. The particles with bin center diameter of 1.0 um
and 40 nm had maximum size distribution frequency, accounting for
31.8% and 37.5%, respectively. Once the particle size of CB600 and
NB600 exceeds 1.0 um and 40 nm, the size distribution frequency de-
creased with increasing diameter.

FTIR and Raman spectra were used to obtain qualitative information
about structural properties of biochar samples. All the biochars pos-
sessed FTIR characteristic peaks at 3360 cm™!, (2926-2958) cm ™!,
1690 cm™ !, 1576 cm ™!, 1422 cm ™!, 1032 cm ™!, and (752-871) cm ™!
(Fig. 1A). These peaks indicate O—H of hydroxyl, aliphatic C—H, (=0
of carboxyl, aromatic (=C, —CH,, C—0—¢C, and aromatic C—H,
respectively (Chen et al.,, 2014; Wang et al., 2019). The peak intensity
of aliphatic groups (-CH, and C-0O-C) followed an order:
NB600 > CB600 > BB600 > RB600. Further, NB600 had a clear peak at
557 cm™ ! that attributed to Si—O—Si deformation vibration, but this
peak was much weaker for BB600, RB600, and CB600. The results sug-
gested that aliphatic carbon and Si-containing minerals were primarily
enriched in the fraction of nanoscale biochar after the preparation pro-
cedure, which was well agreed with the previous studies by Qu et al.
(2016) and Liu et al. (2018a).

There were two characteristic bands of carbon structures in the bio-
chars, i.e, D band at ~1360 cm ™! and G band at ~1595 cm™!, in Raman
measurement (Fig. 1B-E). These two bands are attributed to disordered
structure and graphitic crystallite, respectively. To gain loss and hidden

Fig. 2. The cucumber seedlings from hydroponic treatments of Control (A), 500 mg/L BB600 (B), 500 mg/L RB600 (C), 500 mg/L CB600 (D), 500 mg/L NB600 (E), and 50 mg/L NB60O0 (F).
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information due to overlap between D band and G band, the peaks were
divided into D1, D2, D3, G, and D4 bands at about 1210 cm™", 1360 cm ™',
1520 cm™', 1600 cm™!, and 1650 cm™! using Gaussian-Lorentzian
curve-fitting formulas (Sadezky et al., 2005; Yu et al.,, 2020). The peaks
of D1, D2, and D4 are generally considered to originate from disordered
graphitic structures, and the D3 band indicates amorphous carbon,
while the G peak corresponds to perfect graphite lattice. For CB600 and
NB600, the sum of percentage of D1, D2, and D4 peak area to total area
of all the peaks was greater than that of BB600, and they had lower per-
centage value of G band (Fig. 1F), indicating more less-ordered carbon
structures and less graphitic crystallites. Overall, the results of FTIR and
Raman demonstrated greater amount of nonaromatic carbon and defect
structures in biochar colloids and nanoparticles.

3.2. Effects of hydroponic exposture of biochars on cucumber seedlings

The influence of biochars on germination rate of cucumber seeds is
shown in Fig. S3. The hydroponic treatments of BB600, RB600, CB600,
and NB600 had no effect on the germination rate of cucumber seeds rel-
ative to the control. Consistently, Zhang et al. (2020a) reported that six
kinds of biochar nanoparticles did not influence the germination rate of
tomato seeds. But, one type of biochar nanoparticles reduced the germi-
nation rate of rice seeds at 50 mg/L. By contrast, the treatments of CB600
and NB600 at much higher concentration (500 mg/L) did not affect the
germination rate of cucumber seeds in our study.
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The cucumber early seedlings after the hydroponic exposure of
BB600, RB600, CB600, and NB600 were imaged with a digital camera
in detail, as shown in Fig. 2. It could be observed evidently that BB600
adding increased the biomass of cucumber shoot and root comparing
with the control. The plant height of BB600-treated cucumber seedlings
was 22.2% higher than that of untreated one (Fig. 3A). In comparison
with the control, the fresh weight of shoot and root of cucumber seed-
lings were increased by 10.5% and 5.83% under presence of 500 mg/L
BB600 (Fig. 3B), though the increase was not statistically significant.
Correspondingly, there was also a slight improvement on the dry
weight after BB600 addition (Fig. 3C). Beneficial effects of biochars on
cucumber had been extensively reported by many studies (Jaiswal
et al., 2014; Zhou et al., 2021). The release of available nutrients
(e.g., N and P) and hormone (e.g., ethylene) was the possible mecha-
nism for plant growth promotion by bulk biochars (Piash et al., 2021;
Zheng et al,, 2013).

Dissimilarly, the growth of cucumber germination stage was re-
tarded after the hydroponic exposure to NB600 at 500 mg/L (Figs. 2E
and 3B-C). The fresh and dry weight of shoot of 500 mg/L NB600-
exposed seedlings were only 69.2% and 80.6% of those of unexposed
control. Even, the inhibition ratios of 500 mg/L NB600 to the fresh and
dry root biomass were 57.6% and 59.5%, respectively. The early seedling
growth was also tested with a lower concentration of NB600 (50 mg/L),
but no significant influence was observed. For CB600, we also found the
stress effect on cucumber roots at 500 mg/L, whereas its difference with
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Fig. 3. The plant height (A), fresh weight (B), dry weight (C), and water content (D) of cucumber seedlings after hydroponic exposure to biochars. Significant difference was marked with

different lowercase letters (p < 0.05).
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Table 1
Root morphology of cucumber seedlings after hydroponic exposure to biochars.
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Treatments Root parameters
Length (cm) Diameter (mm) Tip number Area (cm?) Volume (cm?)

Control 17.6 + 2.5abc 0.43 + 0.03a 43.6 £+ 9.7abc 2.35 £ 0.36abc 0.025 + 0.004abc
BB600-500 mg/L 213 £+ 1.9a 0.41 + 0.08a 572 £ 11.3a 2.78 £ 0.60ab 0.030 £ 0.012ab
RB600-500 mg/L 20.6 £ 2.2ab 0.45 + 0.07a 52.6 £+ 10.0ab 2.90 £+ 0.57a 0.033 £ 0.011a
CB600-500 mg/L 145 4+ 24 cd 0.44 + 0.08a 29.0 £ 7.7 cd 197 £ 036 cd 0.022 + 0.007bc
NB600-500 mg/L 10.8 + 2.8d 0.47 + 0.05a 224 + 14.2d 1.55 + 0.41d 0.017 + 0.006¢
NB600-50 mg/L 16.7 4+ 4.8bc 0.45 + 0.08a 42.2 + 13.5bc 2.28 + 0.36bc 0.025 £ 0.005abc

the control was not significant in shoot biomass. By comparison, the hy-
droponic treatment with NB600 had greater inhibiting effect on cucum-
ber early seedlings than CB600 exposure. It could be clearly observed
that a large amount of NB600 adhered to the primary and lateral roots
(Fig. 2E and F). Consistently, Zhang et al. (2020a) reported the adhesion
of biochar nanoparticles to plant root surfaces. But, few CB600 particles
were attached to the roots, significantly less than NB600. In addition,
many previous reports found the aggregation of other nanomaterials
(e.g., graphene and carbon nanotubes) onto the surface of plant roots,
subsequently affecting seedling growth (Begum et al., 2011; Cafas
et al,, 2008; Zhang et al., 2015). The contact between carbon nanoparti-
cles and roots may be an important factor for phytotoxicity (Begum
etal, 2011; Zhao et al., 2014). Therefore, the root sensitivity will be ex-
tremely high to the direct exposure of biochar nanoparticles. The mor-
phology changes of cucumber root system after the hydroponic
treatments of CB600 and NB600 were analyzed in the next section fur-
ther.

3.3. Morphology of cucumber roots under hydroponic exposure to biochars

The information of root length, diameter, tip number, area, and
volume are listed in Table 1. These parameters (except diameter) of

root morphology of the hydroponic culture with 500 mg/L BB600
were better than those of the control, although less significantly.
This implies the beneficial effect of BB600 on the root development
of cucumber early seedlings. RB600 also caused similar impacts in
the hydroponic experiment. The root length, area, and tip number
were significantly reduced (p < 0.05) after the exposure to
500 mg/L NB600. But, the treatment of 50 mg/L NB600 did not affect
the elongation of cucumber roots. The total root length of 500 mg/L
CB600-exposed cucumber seedlings was lower than that of unex-
posed ones. Notably, the taproot length of cucumber seedlings
under the presence of CB600 was obviously longer than that of the
control (Fig. 2A and D). This means that CB600 exposure primarily
inhibited the development of lateral roots, which is in agreement
with fewer number of root tips (Table 1).

Further observation of lateral roots and root hairs was performed
by the microscope imaging. There was no significant difference in the
diameter of lateral roots between the unexposed and exposed treat-
ments (Fig. 4). But, the length and/or amount of root hairs after all
the treatments were visually increased comparing with the control.
Using statistics, the number, average length, and length distribution
of root hairs were analyzed in depth, as shown in Fig. 5. The hydro-
ponic culture with the bulk biochars (BB600 and RB600) did not
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Fig. 4. The root hair morphology of cucumber seedlings under hydroponic treatments of Control (A, B), 500 mg/L BB600 (C, D), 500 mg/L RB600 (E, F), 500 mg/L CB600 (G, H), 500 mg/L
NB600 (I,]), and 50 mg/L NB60O (K, L). The images of B, D, F, H, ], and L were enlarged from the square region of panels of A, C, E, G, I, and K, respectively.
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Fig. 5. The number (A) and length (B) of root hairs of cucumber seedlings after hydroponic exposure to biochars. (C-H) indicate length distribution of root hairs under different treatments.
Significant difference was marked with different lowercase letters (p < 0.05, n of lateral roots = 5, n of root hairs > 50).

influence the number of root hairs significantly, whereas the average
length increased by 95.5% and 98.8% (Fig. 5A-B), respectively. Even,
the increasing proportion of root hairs reached up to 214.2% by
500 mg/L CB600. After NB600 exposure (both 50 mg/L and
500 mg/L), the number and average length of root hairs increased re-
markably, and greater increase occurred at higher concentration. The
length of root hairs ranged from 5 pm to 75 um in the unexposed
treatment, and the bin center length value with the most frequency
was 15 um (Fig. 5C). By comparison, the range of root hair length
was broadened after the introducing of biochar samples, and the
length values of most root hairs were greater (Fig. 5D-H). For in-
stance, the length of 500 mg/L NB600-exposed root hairs was in
the range of 40 um to 200 pum, and the length value with the most fre-
quency was 60 um (Fig. 5G).

It is well known that root hair is main site of plants for absorbing
water and inorganic nutrients. For the germination stage, the
biochar-resulted changes of root hairs might be closely associated
with water uptake of cucumber seedings. Via testing, we found that
the water content of cucumber seedling shoot under the treatment
of 500 mg/L NB600 was significantly lower than that of the control
(Fig. 3D). There were also large amounts of NB600 aggregates at-
tached onto the surface and surrounding of root hairs (Fig. 4I).

Similarly, Zhang et al. (2020a) reported that biochar nanoparticle
adhesion caused epidermal openings clogging and hindered water
transfer of tomato and reed. For resisting the exposure stress of
NB600 and its induced suppression on water absorption, therefore,
more root hairs of cucumber seedings were developed. Furthermore,
swelling and bump hyperplasia of many root hairs were obviously
observed after the treatments of CB600 and NB600 at 500 mg/L
(Fig. 4H and ]). Partial particles of CB600 and NB600 exhibited
sharp shapes in the TEM images (Fig. S2). Penetration and cut of
graphene with sharp edges in the plant and algae cells had been re-
ported previously (Zhang et al., 2015; Zhao et al., 2017). The sharp
edges and corners of biochar micro/nanoparticles directly contacted
with root hairs, which would result in physical damage. This is a pos-
sible reason for the aberrant morphology of root hairs. For the lower
concentration of 50 mg/L, few amounts of NB600 particles deposited
on the root hair surface (Fig. 4K). The increase and lengthening of
root hairs could be a response to the stress of NB600 exposure at
50 mg/L, but this treatment did not result in atypical morphology
of root hairs.

Overall, the present study found the tight attachment of biochar
colloids/nanoparticles-roots and the resulting adverse responses of
taproot, lateral roots and root hairs. Taking contact toxicity of nano
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materials into consideration, the toxicity of biochar colloids and
nanoparticles on root cells (e.g., membrane damage, uptake and
transport) and possible toxic mechanisms (e.g., oxidative stress
and physical penetration) needs further investigation.
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Fig. 6. The plant height (A), fresh weight (B), and dry weight (C) of cucumber seedlings in
pot experiments with CB600 and NB600. Significant difference was marked with different
lowercase letters (p < 0.05).
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3.4. Growth of cucumber seedlings in soil with CB600 and NB600 addition

The early seedling growth of cucumber was studied in the soils
containing CB600 or NB600 using pot experiment. The phenotype
and growth responses of cucumber seedlings to CB600 and NB600
in the lime concretion black soil were photographed and shown in
Fig. SSA-E. For 2000 mg/kg (biochar/soil) treatment, there were a
number of black particles on root surfaces (Fig. S5F), implying the
adhesion of NB600. However, the addition of NB600 in the tested
soil did not cause significant adverse effects on the plant height,
fresh weight, and dry weight of cucumber seedlings (Fig. 6). Even,
there was a slight improvement of cucumber seedling growth in
the soil with NB600. The plant height increased by 8.05% after
NB600 exposure at 500 mg/kg. For CB600, no significant influence
was observed on the plant height and biomass of shoot and root at
500 mg/kg. CB600 addition at the rate of 2000 mg/kg caused 25.5%
and 31.8% increase in the fresh and dry weight of cucumber seedling
roots (Fig. 6B and C), respectively. The analyses of root morphology
suggested that CB600 primarily improved root length at the dosage
of 2000 mg/kg (Table 2). Both CB600 and NB600 in the soil had no
significant effect on other root parameters (i.e., tip number, diame-
ter, area, and volume) at the two tested concentrations. These results
suggested that biochar colloids and nanoparticles did not trigger tox-
icological effects on early seedling growth of plants in soil, even at
relatively high exposure concentration (e.g., 2000 mg/kg).

In natural soils, the biochar microscale and nanoscale particles with
more oxygenic groups are liable to interact with soil minerals
(e.g., goethite and hematite) and also could form homoaggregates in
soil solution (Gui et al.,, 2021; Lian et al.,, 2019; Liu et al., 2018b; Spokas
et al,, 2014; Yang et al., 2021; Zhang et al., 2020b). This close interaction
could decrease the probability of direct contact between plant roots and
biochar colloids and nanoparticles, thus reducing exposure risk. Further-
more, the biochar-mineral association could enhance stability of soil ag-
gregates (Lin et al., 2012; Pituello et al., 2018), and subsequently
improve soil structure and water retention (Fu et al., 2019; Mao et al.,
2019). This is the possible reason for the beneficial effects of CB600 and
NB600 on the early seedling growth of cucumber in the tested soil.

4. Conclusions

This study demonstrated negative effects of hydroponic exposure
with CB600 and NB600 on cucumber early seedlings. The exposure of
CB600 could reduce root biomass at 500 mg/L, mainly inhibiting lateral
root development, while CB600 did not affect the shoot. By contrast,
NB600-caused phytotoxicity was more significant. After treating with
NB600, both shoot and root growth decreased greatly. Moreover, the
water absorption and transfer might be hindered. For resisting exposure
stress, root hairs increased and lengthened. Even, we observed swelling
and hyperplasia of root hairs under the exposure. To our best knowledge,
this is the first observation on the atypical hyperplasia of root hairs under
direct exposure of biochar colloids and nanoparticles. These adverse re-
sponses were largely related with the contact and adhesion of CB600
and NB600 with sharp edges and corners to root surface. But for a low
concentration of 50 mg/L, no significant influence of NB600 was observed
on cucumber seedlings. Our pot experiment revealed that the existing of
CB600 and NB600 did not have negative impacts on plant seedlings in soil.
In actual waters and soils, the behaviors of ultrafine biochar such as colloi-
dal process, transformation, weathering and aging highly depend on the
complicated and diversified conditions. Therefore, the physiological re-
sponses of plants to biochar colloids and nanoparticles in natural environ-
ments need further investigation.
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Treatments Root parameters

Length (cm) Diameter (mm) Tip number Area (cm?) Volume (cm?)
Control 44.7 £+ 6.20b 0.44 + 0.03a 73.9 4+ 13.2ab 6.06 + 1.10a 0.066 + 0.015a
CB600-500 mg/kg 494 4 12.8ab 0.46 + 0.04a 774 + 11.8ab 7.54 + 2.51a 0.080 + 0.031a
CB600-2000 mg/kg 57.7 4+ 8.28a 0.46 + 0.08a 91.2 4+ 16.9a 7.73 4+ 3.03a 0.078 £ 0.012a
NB600-500 mg/kg 43.6 + 3.48b 043 + 0.01a 73.9 + 8.69ab 5.73 4+ 0.66a 0.061 £ 0.009a
NB600-2000 mg/kg 50.2 + 10.4ab 042 + 0.02a 71.1 + 18.5b 7.53 + 1.03a 0.081 £ 0.033a
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追风筝的王同学
附件4：第十五届山东省大学生环保创意大赛省级三等奖
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追风筝的王同学
附件5：第五届青岛农业大学节能减排社会实践与科技竞赛校级三等奖
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追风筝的王同学
附件6：第四届青岛农业大学节能减排社会实践与科技竞赛校级三等奖
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追风筝的王同学
附件7：参与导师科研项目
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追风筝的王同学
附件8：参加国家级学术会议并作报告
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N 13
Effects of Fenton oxidation treated oxytetracycline fermentation residues as soil

amendment: Soil properties and antibiotic resistance
Jiaying Song, Wenqiang Jia, Jinying Li, Guocheng Liu
Qingdao Agricultural University, Qingdao 266109, China

Oxytetracycline (OTC) fermentation residue (OFR) is biosolid waste of OTC
production process. To date, the main treatment of OFR is incineration, and the study
regarding its other harmless disposal and resource utilization attracts increasing attention. In
this study, soil incubation was performed to investigate the influence of Fenton oxidation
treated OFR (FOFR) on soil physicochemical properties, enzymatic activity, and microbial
community. Further, antibiotic residue, antibiotic resistance genes (ARGs), and mobile
genetic elements (MGEs) were determined and analyzed in the OFR-amended soil. After
adding FOFR, soil pH increased firstly before 20 days and then decreased. The contents of
soil organic matters, nitrogen, phosphorus, and potassium of FOFR addition treatment were
higher than those of OFR one indicating that Fenton oxidation could promote the availability
of these nutrients in OFR. The enzyme activity was not inhibited throughout the incubation
stage of FOFR-amended soil. In the soils, OTC concentration decreased quickly, below the
detection limit of LC/MS/MS after 60 days, and Fenton oxidation could significantly
eliminate residual OTC of OFR. Bacterial community structure of FOFR-amended soil was
converged to be similar with the control soil after 90 days. Our results suggested that Fenton
oxidation might be in favor of limiting the spread of OTC resistance genes and MGEs of
OFR in soil reclamation.

Keywords: Oxytetracycline fermentation residue; Fenton oxidation; Soil amendment;

Antibiotic resistance genes; Soil bacterial communities.
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追风筝的王同学
附件9：参加学院组织的学术会议4次
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追风筝的王同学
附件10：2021-2022学年青岛农业大学优秀研究生干部
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追风筝的王同学
附件11：学生干部任职
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追风筝的王同学
附件12：社会实践—青岛农业大学“青春向阳”大学生社区实践计划
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附件13：“知网杯”信息检索技能大赛校级三等奖


W Ol L B

&ET
YRSk RGN ch T RN Ty 130T M

YHIE (T IR DT 0 D 5 T3
£ [ TR Y

" KM/II/IIII"H“W

—— i —

TVIINHATID AdVIONOH

—i
AN
o
[V
\ -
\ \ ¢ o, \
9 & ek sxgY L
4 S T S O3 o0 MR B o D RS B R BBl s DR RSO B R RD SARE XX BB AR BN
— BRI R ORI A o N e S S 6 S S g e
w - A 7 = QN@“QQ@%O@N@%O@%N ./,K. X2 N 0, O«W‘”& p W“ X X W%NOOWM” XX ,0. X XX X .%‘ .‘0 O@’Q’NON%@O“.@“’O. XX



追风筝的王同学
附件14：山东省产教融合研究生联合培养示范基地

（建设）暨科技小院2021年度学术报告会院级二等奖
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附件15：青岛农业大学第一届研究生
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ARTICLE INFO ABSTRACT

Editor: Paola Verlicchi Cadmium is one of the most biotoxic substances among all heavy metals, but an increasing number of studies indicate
that low-dose Cd can induce hormesis in some plants. However, the frequency of hormesis in various biomarkers (mo-
lecular, resistance, and damage markers) and their associated function in hormesis-generation are poorly understood.
In this study, the heavy metal accumulator plant Tillandsia ionantha Planch. was exposed to 5 mM CdCl, with 6 differ-

ent time periods. The trends of 18 biomarkers after Cd exposure were detected. The percentage for all non-monophasic
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Occurrence frequency
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Time-dependent hormesis

responses based on dose-response modeling was higher (50 %), in which seven (38.89 %) biomarkers showed
hormesis, indicating that hormesis effect can commonly occur in this plant. However, the occurrence frequency of
hormesis in different types of biomarkers was different. Six Cd resistance genes, glutathione (GSH) among 6 resistance
markers, and 0 damage markers showed hormesis. Factor analysis further showed that the 6 Cd resistance genes and
GSH were positively intercorrelated in the first principal component. Therefore, heavy metal resistance genes and GSH
may play an important role in the generation of hormesis. Our experiment shows that time-dependent non-
monophasic responses, including hormesis, are activated by considerably high concentrations of Cd, presenting a strat-
egy to cope with and potentially reduce the anticipated damage as the dose of stress increases over time.
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1. Introduction

It is now widely understood that the response of organisms to stress are
commonly not monophasic (linear) but non-monophasic and non-linear
(Agathokleous et al., 2022). Hormesis refers to a non-linear, biphasic dose
response that occurs when organisms are exposed to toxic substances
with increasing of exposure or dose level, that is, stimulation or beneficial
reactions are caused by low doses and inhibition or toxicity is caused by
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high doses (Calabrese et al., 2016). Although the recognition of hormesis
has a long and controversial history (Calabrese, 2018), an increasing num-
ber of plants, animals and microorganisms show this feature when they are
stressed by toxins at different concentrations or doses, indicating that the
hormesis effect is a quite common phenomenon (Mushak, 2013; Sthijns
et al., 2016; Sun et al., 2018; Agathokleous et al., 2020). In recognition of
the accumulating evidence of hormetic responses, international regulatory
authorities also formally consider the hormesis effect in environmental
management decisions (Agathokleous et al., 2022).

Cadmium (Cd) is one of the most biotoxic substances among all heavy
metals (Kushwaha et al., 2015), but an increasing number of studies have
shown that low-dose Cd can induce some plants to produce hormesis
(Carvalho et al., 2020). For example, low-concentration Cd treatment re-
sulted in different degrees of biomass enhancement in Lonicera japonica
(Jia et al., 2015), Brassica napus (Durenne et al., 2018), Dianthus
carthusianorum (Muszynska et al., 2018), and Polygonatum sibiricum (Xie
et al., 2021). Low-level Cd also induced an increase in catalase (CAT) and
peroxidase (POD) content in P. sibiricum and an increase in superoxide dis-
mutase (SOD) content in Bletilla striata, which ranged between 206 and
277 % (Yang et al., 2022). In the Cd-enriched plant Celosia argentea, three
metal transport genes (HMA3, ABCC15 and ATPase 4) are upregulated
under Cd stress (Yu et al., 2023). Hence, various types of biomarkers, in-
cluding damage, resistance and molecular biomarkers, can be used to re-
flect the hormesis effect of Cd (Carvalho et al., 2020).

To date, the generation mechanism of hormesis has not been uniformly
explained (Muszynska and Labudda, 2019; Carvalho et al., 2020; Calabrese
and Agathokleous, 2021; Erofeeva, 2022). Different theories such as over-
compensation, overcorrection, DNA damage repair, receptor mechanisms
and oxidative stress mechanisms have been used to explain the hormesis ef-
fect (Calabrese et al., 2016; Calabrese, 2018; Shahid et al., 2020;
Chakrabarti and Mukherjee, 2022). Substances that can scavenge reactive
oxygen species (ROS) or effectively chelate toxins, such as antioxidants,
metal binding proteins, and their related functional genes have also been
considered to play an important role in the generation of hormesis
(Poschenrieder et al., 2013; Agathokleous et al., 2019).

Importantly, the frequency difference of stimulation or inhibition ef-
fects of different biomarkers is often closely related to the up- or down-
regulation of the adaptive mechanism of the hormesis effect (Calabrese
and Agathokleous, 2021). Therefore, it is a feasible method to explore the
influence factors of the hormesis effect by analyzing the frequency differ-
ence of the hormesis effect in different types of biomarkers. Moreover,
there are only a few studies evaluating the frequency of non-linear dose re-
sponses including hormesis in different types of biomarkers (Erofeeva,
2014, 2020; Belz and Sinkkonen, 2021).

Tillandsia spp. (Bromeliaceae) are epiphytic plants with the special
property of growing in the air without needing soil (Benzing, 2000). They
mainly use their leaves to absorb water and nutrients from the atmosphere,
thus their leaves have a strong absorption capacity (Benz and Martin,
2006). A large number of studies have confirmed that different kinds of Til-
landsia spp. can rapidly absorb and accumulate a variety of air pollutants,
especially heavy metals (e.g. Hg, Cd, Pb, Ni, Cu, Cr, Zn), thus becoming a
widely used accumulating indicator plant for monitoring changes in
heavy metals (Calasans and Malm, 1997; Pignata et al., 2002; Vianna
et al., 2011; Schreck et al., 2020; Sun et al., 2021a; Li et al., 2022).

Tillandsia spp. have shown different responses to heavy metal stress.
After treatment with 2 uM Cd** solution for one month, four kinds of Til-
landsia spp. did not exhibit obvious morphological damage and an increase
in the content of glutathione (GSH), but the content of ROS and POD in-
creased significantly (Kovacik et al., 2014). Studies of the changes in 8 bio-
markers of T. usneoides treated with 10 concentrations of Hg and Pb
revealed that with Hg concentrations varying from low to high, SOD activ-
ity first decreased and then increased, while the content of metallothionein
(MT) first increased and then decreased (Sun et al., 2021b). With Pb con-
centrations ranging from low to high, the change trend of superoxide
anion free radical (Oy "), SOD, and malondialdehyde (MDA) also
conformed to the biphasic hormesis effect (Li et al., 2022). These results
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confirmed that the hormesis effect exists in Tillandsia spp., which also indi-
cates that heavy metals commonly affect accumulator plants to produce
hormesis, and has important implications for remediation practices
(Calabrese and Agathokleous, 2021; Agathokleous et al., 2023). However,
whether Cd can induce hormesis in Tillandsia spp. as well as the frequency
and function difference of different biomarkers in the hormesis effect have
not been deeply explored.

In addition, in an adaptive hormetic response, not only the concentra-
tion but also the time/dose should be considered (Sthijns et al., 2016). It
is known that chemically induced hormesis exhibits significant temporal
variation, with an initial increase in the maximum stimulation followed
by a significant decline but maintained at biologically beneficial enhanced
levels (Agathokleous et al., 2020). Sthijns et al. (2016) consider that the
quickest adaptive response to oxidative stress is direct enzyme modifica-
tion, increasing GSH levels or activating GSH-dependent protective
enzymes. However, a mechanistic understanding of time-dependent
hormesis in plants is lacking.

In this study, Tillandsia ionantha Planch. plants were treated with Cd for
different durations to analyze the frequency and function of various bio-
markers in the hormesis effect. We hypothesized that a specific concentra-
tion of the heavy metal Cd can generate hormesis in Tillandsia spp. over
time, and different types of biomarkers express different hormesis frequen-
cies. Moreover, we assumed that related genes may play an important role
in the generation of hormesis. Considering the known relative tolerance of
T. ionantha, we became interested in examining whether this plant can re-
spond non-linearly and hormetically to increasing doses of Cd exposures
that are considerably higher than the current environmental ones. If such
responses occur at increasing exposures that are considerably higher than
the environmental, one may assume that non-linear and hormetic responses
can widely occur at low exposures that are within the current environmen-
tal ranges.

2. Material and methods
2.1. Material

Tillandsia ionantha (Fig. 1) with a fresh weight of 25-30 g was selected
as the material. Before each experiment, T. ionantha was cleaned, soaked in
deionized water for 20 min, and then dried for 30 min at room temperature
to achieve a similar initial status of the research material.

2.2. Cd treatment

As accumulative indicator plants of heavy metals, Tillandsia spp. have
strong resistance to various heavy metals. Wannaz et al. (2011) placed
T. capillaris plants into solutions of 10 mM Ni**, Cu®>*, Pb?>* and Zn?"*
for 45 min, and the plants showed no symptoms of dying. Therefore, to de-
termine the low Cd dose range for T. ionantha, one preliminary experiment
was performed. With a 5 mM CdCl, solution as the fixed stress concentra-
tion, T. ionantha was immersed in CdCl, solution for 2 h per day, and the
plant lasted for 15 days before it died. Therefore, 6 time periods were set
in the formal experiments: 0, 1, 2, 3, 4 and 5 days. This one-day interval
was selected based on the understanding that physiological hormesis is
maximized within hours to one week and considering the lack of studies
covering hormesis at this resolution of time responses (Moustakas
et al., 2022a, 2022b). Identification of hormetic-like responses to such
dose increase over time may imply the possibility that dose-response
evaluations with several doses (including considerably smaller ones)
covering the full dose-response continuum are expected to induce
hormetic effects on identified hormesis-showing biomarkers. For each
treatment, 3 T. ionantha plants were selected as 3 replicates. According
to the daily watering method of Tillandsia spp., T. ionantha was soaked
in Cd solution for 2 h at the same time every day. As the Tillandsia spp. be-
longs to the crassulacean acid metabolism (CAM) type of plants, and its sto-
mata open at night (Benzing, 2000). The stress started at 18:00 pm and
ended at 20:00 pm.
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Fig. 1. Tillandsia ionantha treated with Cd for different duration.

Notes: A, without Cd treatment; B, after 1 day treatment; C, after 2 days treatment; D, after 3 days treatment; E, after 4 days treatment; F, after 5 days treatment.

2.3. Determination of Cd content in leaves

Cd extraction from plant leaves was performed according to the method
exploited by Xie et al. (2021), and an ICP series (Optima 8000,
PerkinElmer, USA) was utilized to measure the Cd content.

2.4. Determination of damage markers of T. ionantha

Biomass, MDA, relative electric conductivity and O,~ were used as four
indices of damage markers. The biomass is based on plant fresh weight.
With reference to the methods of Li (2000), the relative electric conductiv-
ity was measured with a conductivity meter (DDS-307A, INESA, China), the
MDA content was measured with the thiobarbituric acid (TBA) method,
and the O, ~ content was measured with reference to Li et al. (2022).

2.5. Determination of resistance markers of T. ionantha

Six indices, i.e., SOD, POD, CAT, GSH, nonprotein sulfthydryl peptide
(NPT), and phytochelatins (PCs) were used as resistance markers. The
leaf SOD activity was determined by the nitrogen blue tetrazole method,
the CAT activity was determined by the ultraviolet absorption method,
and the POD activity was determined by the guaiacol method (Li, 2000).
The content of GSH was determined with reference to Li et al. (2022).

The content of NPT was determined by DTNB colorimetry. One gram of
fresh plant sample was weighed and placed in a mortar. Six milliliters of
precooled (4 °C) 5 % sulfosalicylic acid solution was added, and the solution
was ground to the homogenate in an ice bath, and then centrifuged at
10000 rpm at 4 °C for 20 min. The supernatant was used for NPT determi-
nation. DTNB was the developer, and the same amount of solution without
DTNB was used as the control. The light absorption value (A412) was mea-
sured at 412 nm and expressed in mmol-gf1 FW (FW is the fresh weight).

The difference method is adopted for the content of PCs. The PC content
was calculated as the total amount of NPT - the content of GSH.

2.6. Expression analysis of genes related to Cd resistance

After being treated with Cd, T. ionantha was sequenced according to
the gene sequencing results of the related plant (in the same family)

Ananas comosus (L.) Merr. (Ming et al., 2015). All 9 genes related to
Cd resistance in pineapple (Table 1) were selected to analyze their ex-
pression in T. ionantha leaves . These genes are associated with proteins
containing PLAC8 motifs, which are rich in cystine and have various
functions in promoting growth, antioxidants and detoxification. The ref-
erence gene was 18S. The RNA of leaves was extracted by the TRIzol
method, and the ¢cDNA was synthesized by using the full gold
TransScriptR II All in One First Strand cDNA Synthesis SuperMix for
PCR kit. Quantitative PCR primers were designed using the Primer
Blast function of the NCBI website. Using cDNA as a template, each gene
was detected by fluorescence quantitative PCR. The results were calculated
by the 224 method. The control sample was corrected to 1 as the rela-
tive expression amount, and the processed material data were its relative
multiple.

2.7. Statistical analysis

All the above experiments were repeated 3 times, and the data were sta-
tistically analyzed using SPSS 23.0 (IBM, USA). Normal distribution and
variance homogeneity of the data were first checked. One-way ANOVA
followed by Tukey's HSD post hoc test was used to test for significant differ-
ences among groups treated with different doses of Cd, and p < 0.05 indi-
cated that there was a significant difference. A correlation analysis was
carried out for all markers after Cd stress, expressed by the Pearson correla-
tion coefficient, and a correlation heatmap was made using Origin software.
Then, a factor analysis was carried out with 14 resistance indices and mo-
lecular indices.

Different responses to Cd treatment were expressed as a percent in-
crease or decrease relative to the control exposure. Each dose-response re-
lationship was classified following the model-fitting Dr-Fit software (Di
Veroli etal., 2015). The best model is selected according to the Akaike in-
formation criterion (AIC). The lower the AIC value is, the higher the
model fitness is. The model includes four types: 1) monophasic inhibi-
tion effect; 2) biphasic effect (two inhibition effects); 3) biphasic
hormesis effect (one inhibition effect + one stimulation effect); 4) mul-
tiphasic effect (2 inhibition effects + 1 stimulation effect or 1 inhibition
effect +2 stimulation effects or multiple inhibition or stimulation
effects).
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Table 1
Cd resistance related genes and primer sequences.
Target gene Primer sequence Fragment Annealing
length (bp)  temperature (°C)

F:5GGTGTCGGCACTCGGTCTA3’
Aco013305.1 (G1) b or00GOTGGTGGCTCATAG S -2 58.8

F:5” AAACCATCGCTTCTTCCA 3’

AcoO144251 (G2) ., ATTGCCGACCCTCATAGA 3 18 533
F:5'GTAAGACCACAGCAGCAC 3’

Aco018130.1 (G3) ¢ o 1CTATGTCACGCAATCAG 3 1© 47.9

Ac000240.1 (G4y FSATIGTATGCTIGITGGCTAG S 07

R:5’CCGTCACGCAGAGTATCA 3’

F:5'TTGCCACTGCTTCTGTAC 3’
Ac0005063.1 (G5)  p.cop GAGTCCTTCCIGITICG 3 10 48.8

F:5' TGCGTTGTATCAGGTTGT 3’
Aco001065.1 (G6) - p.c,0AGAGCACGCTTCATTAC S 18 490

F:5" TTCCGACCCAAACTCATC 3’
Aco003013.1 (67) p.6.6GCACCAGCAAGTCAAGC 3 18 53.0

F:5 TGTATCCTGCTCCTCCTC 3’

Aco002708.1 (G8) b o1 COCACTTCGTTTATTICS 10 493
F:5’AAAAGACGCTGAACGATA 3’

Aco001066.1 (G9)  p.crGoCACCCTACAAATACA 3 18 484

3. Results

3.1. Cd content in T. ionantha leaves

The Cd content in T. ionantha leaves increased linearly with increasing
duration of Cd stress (Fig. 2A). The leaf Cd content of the control
T. ionantha plants was as low as 2.11 + 0.34 pug-g~'. After one day of Cd
treatment, the Cd content in the leaves increased significantly to
269.34 + 7.76 ug-g~ 1. With the increase in treatment days, the Cd content
in T. ionantha leaves continued to increase and significantly reached
674.44 + 87.41 png-g~ ! after 5 days of treatment.

3.2. Effect of cd on the damage markers of T. ionantha

There was no obvious visible injury (symptoms) on T. ionantha leaves
after treatment with Cd, and thus, there was no observable difference in
morphology among Cd dose treatments (Fig. 1).

3.2.1. Biomass

The biomass of T. ionantha without Cd treatment was 4.54 + 0.81 g.
After one day of Cd treatment, the biomass increased to 5.40 + 0.93 g.
Then, it decreased, reaching the lowest value (3.22 + 0.71 g) on the fourth
day of treatment (Fig. 2B), and then increased to 4.04 = 0.74 g on the fifth
day. However, statistical analysis showed that there was no significant dif-
ference in biomass content after different Cd treatments (Fig. 2B). The
fitting of the dose-response curve showed that the biomass of T. ionantha
was more consistent with the monophasic dose-response model (AIC =
6.61, Table S1).

3.2.2. MDA content

The MDA content in the leaves of control T. ionantha plants was
1.07 + 0.18 mmol-g~'. Although Cd stress tended to decrease the con-
tent of MDA in leaves (Fig. 2C), there were no significant differences
(p < 0.05). The dose-response relationship of the MDA content was
more consistent with the monophasic dose-response model (AIC =
27.92, Table S1).

3.2.3. Relative electrical conductivity

The relative electrical conductivity of T. ionantha leaves after Cd treat-
ment was significantly increased after 4 days of exposure to Cd compared
to the control (Fig. 2D). Moreover, it was significantly higher after 3, 4,
and 5 days of treatment than after 2 days of exposure. The dose-response
fitting shows that the relative conductivity of T. ionantha is more consistent
with the monophasic dose-response model (AIC = 33.6), although the
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biphasic hormetic model also showed a relatively good fit (AIC = 36.7)
(Table S1).

3.2.4. Oy~ content

The content of O, ~ tended to vary; however, there was no statistically
significant difference among Cd treatments (Fig. 2E). The dose-response
curve of the Oy~ content is more consistent with the monophasic model
(AIC = 34.8), albeit the biphasic hormetic also showed a similar perfor-
mance (AIC = 36.2) (Table S1).

3.3. Effect of Cd on the resistance index of T. ionantha leaves

3.3.1. SOD activity

The SOD activity in T. ionantha leaves did not differ significantly be-
tween the control and the different Cd treatments (Fig. 3A). However, it
was significantly lower after 4 days of treatment than after 1 day of treat-
ment. The dose-response curve was more consistent with the monophasic
model (AIC = 30.2), although the biphasic hormetic model also displayed
a similar performance (AIC = 32.0) (Table S1).

3.3.2. CAT activity

The CAT activity in T. ionantha leaves did not differ significantly
among Cd treatment conditions (Fig. 3B). The model fitting dose-
response curve was more consistent with the monophasic model
(AIC = 28.03, Table S1).

3.3.3. POD activity

The POD activity in T. ionantha significantly decreased after one day of
treatment and then significantly increased to levels similar to the control on
Day 3 (Fig. 3C). The dose-response model was more consistent with the bi-
phasic model (AIC = 33.6), and the monophasic model ranked second in
terms of fitting (AIC = 36.5) (Table S1). There was nowhere an increase
over the control and, while this is a biphasic response (rightly captured
by the modeling) mathematically, based on the definition (biologically)
and current understanding of hormesis the dose response is not considered
hormetic in this study. However, it should be noted that such molecules
display highly pleiotropic responses over time, and a denser dose/time
component might be needed to reveal whether a significant increase
would be yielded.

3.3.4. GSH content

The GSH content in T. ionantha leaves tended to increase after Cd treat-
ments, and the increase was statistically significant on Days 1 and 5 com-
pared to the control (Fig. 3D). The biphasic hormesis model displayed the
best fit to the GSH content dose-response data (AIC = 34.90, Table S1).

3.3.5. NPT content

The content of NPT decreased significantly after 1-4 days of Cd treat-
ment relative to the control and increased again to levels similar to the con-
trol after 5 days of Cd treatment (Fig. 3E). The fitting of the dose-response
curve shows that the biphasic model best fits the NPT dose-response data
(AIC = 33.61, Table S1). Similar to the changing trend in POD, there was
nowhere an increase over the control. So the dose response of NPT is not
considered hormetic in this study.

3.3.6. PC content

The PC content in T. ionantha was significantly decreased after 1-5 days
of Cd exposure compared to the control (Fig. 3F). The fitting of the dose-
response curve indicated that the relationship between PC content and Cd
dose was best described by the monophasic model (AIC = 30.4); the bi-
phasic hormetic model showed the second best fit (AIC = 32.0) (Table S1).

3.4. Expression of cd-related resistance genes

Among all 9 Cd resistance genes screened from A. comosus, 8 could
be expressed in T. ionantha, namely G1-G8 (Fig. 4). With the increase
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Fig. 2. Changes of Cd content and four damage markers in Tillandsia ionantha after Cd treatment.
Notes: MDA, malondialdehyde; O, ~, superoxide anion radical. The data are means = SD (n = 3). Different small letters indicate a significant difference between different
times for treatment with the same Cd concentration at the level of 0.05, whereas same small letters indicate no significant difference.

in Cd dosage, the change trend of the expression amount of seven
genes (all genes except for G3) was similar, but the change amplitude
was different. Commonly, the expression of these seven genes in-
creased significantly after 2—-4 days of stress, depending on the gene,
and then decreased to levels similar to or lower than the control on
the fifth day of stress (Fig. 4). The dose-response curve fitting shows
that the response of the genes G1, G2, G3, G4, G6 and G7 is best de-
scribed by the biphasic hormesis model while the relationships of
genes G5 and G8 are more consistent with the monophasic model
(Table S1).

3.5. Frequency analysis of hormesis effect in different types of markers

Dr-Fit analysis showed that among the four dose-response types, only
two types of dose-response models showed the best fit, namely, the mono-
phasic and biphasic models (Table S1). But based on the definition and cur-
rent understanding of hormesis, the biphasic dose response of POD and NPT
is not considered hormetic in this study. So for all 18 markers (Fig. S1), the
occurrence rate of biphasic response as the best fit model was 50 % and
hormesis was 38.89 %. However, the rate was different for different types
of markers. Among the 8 Cd-related resistance genes, 6 showed hormesis



J. Zhang et al.

SOD (U-g! ‘min!)

ck 1 2 3 4 5
Stress days(d)

120
100
80
60
40
20

POD (U-g'! ‘min’!)

ck 1 2 3 4 5
Stress days(d)

2500

NPT (mmol-g)
PR N
v o wu o
o o o o
o o o o

o

Fig. 3. Changes of resistance markers of Tillandsia ionantha after Cd stress.

Science of the Total Environment 889 (2023) 164328

CAT (U-g'! ‘min’")
[
8

ck 1 2 3 4 5
Stress days(d)

600
2500
00
00
00
00

GSH (mmol-g
— N W A

ck 1 2 3 4 5
Stress days(d)

2500 r
222000

PCs (mmol-g
S o
g 8

A
(=3
S

(=)

Note: SOD, superoxide dismutase; CAT, catalase; POD, peroxidase; GSH, glutathione; NPT, non-protein sulfhydryl peptide; PCs, phytochelatins. The data are means + SD
(n = 3). Different small letters indicate a significant difference between different times for treatment with the same Cd concentration at the level of 0.05, whereas same

small letters indicate no significant difference.

effects, accounting for 75 %. Among the resistance indices (SOD, CAT, POD,
PCs, GSH, NPT), there was only GSH showing a hormesis effect, accounting
for 16.67 %. Among the four damage markers of biomass, O ~, MDA and
electrical conductivity, no hormesis effect was observed.

3.6. Sensitivity analysis of different markers to hormesis effect

3.6.1. Correlation analysis

The correlation among the biomarkers of T. ionantha is shown in Fig. 5.
Overall, the proportion of markers with a significant correlation is small.
Except for G3 and G6, the other six genes were positively intercorrelated.
In addition to G6, GSH was also positively correlated with 7 genes, while

biomass and POD were negatively correlated with all 8 genes, and the cor-
relation was statistically significant for G7 and G8.

3.6.2. Factor analysis

Factor analysis showed that three principal components could be ex-
tracted from 14 markers, and the cumulative proportion to the total vari-
ance was 88.49 %, meaning that these three principal components could
retain most of the information of the original indicators. Table 2 shows
that the contribution rate of the first principal component is 46.25 %,
mainly consisting of GSH (0.902) and 6 genes, which have a high positive
load, while POD (—0.819) has a high negative load. The contribution
rate of the second component was 28.88 %, mainly consisting of NPT,
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whereas same small letters indicate no significant difference.

PCs (0.722), CAT (—0.896) and SOD (—0.697). However, NPT and PCs
had a large positive load, while CAT and SOD had a negative load. The
third major component included G3 and G6 genes. G6 had a higher positive
load, while G3 had a negative load.

4. Discussion
4.1. The resistance and response styles of Tillandsia spp. to Cd

As heavy metal-accumulating indicator plants, Tillandsia spp. can rap-
idly accumulate heavy metals, such as Hg, Ni, Cu, Pb, and Zn (Calasans

and Malm, 1997; Pignata et al., 2002; Vianna et al., 2011; Schreck et al.,
2020; Sun et al., 2021a). Kovéacik et al. (2012) showed that the Cd content
exceeded 400 pg-g ™! after 2 months of treatment of T. albida with 10 pM
CdCl, and reached 200 pg-g ™! after 30 days of treatment of T. capillaris
with 2 pM CdCl, (Kovacik et al., 2014). In this study, the concentration of
Cd was considerably higher (5 mM; 500-2500-fold), but the treatment
time was shorter (5 days). With the extension of Cd treatment time, the
Cd content in T. ionantha leaves increased, basically linearly, reaching
674.44 ng-g~ ! after 5 days, which indicated that Tillandsia spp. could accu-
mulate Cd rapidly and effectively. It is worth noting that under such a high
concentration treatment, T. ionantha had no obvious damage symptoms



J. Zhang et al.

BM
COND
MDA }o.51 MDA

SOD fo.84-0.49-0. 45 sop

-0. 60 COND

ROS 0. 67 ROS
GSH -0. 66 GSH
NPT 0.75 0.43-0. 54 NPT
PCs 0.81
CAT Jo.81
POD 0.56-0. 50

~0.740.96 PCs

—0. 74 0. 59 -0.69-0. 61 CAT

G1 fo.610.54 0. 66 -0.59-0.52 Gl

G2 }0.600.55 0. 56 ~0.65-0.420.98 G2

G3 0. 40

G4 0.720.66 0.38 0.60 =0.62-0.510.97 0.95

GH [0.590.72 0. 52 0.69
G6 0. 42 0.57 0.39

G7 0. 64 0.81-0. 46-0. 62

G8 0. 42 0.80-0.59-0. 72

~0.860.55 0. 71 POD

0.85 0.82 0.

-0.870.74 0.68

~0.960. 58 0. 47 0. 63

Science of the Total Environment 889 (2023) 164328
i

0.8

0.6

0.78 0. 64

0.94 G8

A DN SN S DD DD HL o & »
%@s\@@@@g»@@@@%%%%%%%
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(Fig. 1), indicating that Tillandsia spp. have strong resistance to the heavy
metal Cd, which is also similar to the results of Kovacik et al. (2012,
2014). However, it should be mentioned that the exposure lasted 2 h per
day, which allowed plants to undergo a postconditioning process and
thus potentially promoted a more effective alleviation of stress compared
to continuous exposure (Calabrese et al., 2020).

The response of organisms to oxidative stress is very complex. Recent
studies have shown that not only biphasic but also even polyphasic effects
occur in some plants, animals and microorganisms (Choi et al., 2012;
Erofeeva, 2018; Fan et al., 2021; Kong et al., 2016; Li et al., 2022; Wang
et al., 2021), although such evidence is sporadic due in part to the high re-
quirements of an increased number of doses. Such nonmonophasic effects
were characterized as a paradox (Erofeeva, 2018). Currently, there are
three widely recognized ways by which organisms respond to stressors,

Table 2
Factor analysis with 14 resistance and molecular biomarkers in Tillandsia ionantha
after Cd stress.

Biomarkers Component1 Component 2 Component 3
AC0003013 (G7) 0.944 —0.165 0.174
Glutathione (GSH) 0.902 -0.26 —0.225
AC0000249.1 (G4) 0.865 0.459 0.161
AC0002708 (G8) 0.864 —0.382 0.326
ACO013305.1 (G1) 0.864 0.492 0.056
Peroxidase (POD) -0.819 0.457 —0.236
AC0005063.1 (G5) 0.815 0.382 —0.383
ACO014425.1 (G2) 0.787 0.583 0.04
Catalase (CAT) —0.154 —0.896 —0.408
Non-protein sulfhydryl peptide (NPT) —0.388 0.803 0.159
Phytochelatins (PCs) —0.59 0.722 0.197
Superoxide dismutase (SOD) —0.036 —0.697 0.224
ACO001065 (G6) -0.114 0.052 0.848
AC0018130.1 (G3) 0.184 0.445 —-0.672

namely a linear-no-threshold (LNT) response, a linear response with thresh-
old, and hormesis, a biphasic response (Agathokleous et al., 2019, 2020;
Costantini and Borremans, 2019). Although most hormetic responses are
observed based on different toxin concentrations (Agathokleous et al.,
2019, 2020), time-dependent hormesis is found in several dose-response re-
lationships (Sthijns et al., 2016; Moustakas et al., 2022a, 2022b). Our ex-
periment also shows that time-dependent hormetic mechanisms are
activated by considerably high concentrations of Cd, presenting an ecolog-
ical strategy to reduce the anticipated damage as the dose of stress increases
over time. Although there were four patterns in the dose-effect model, there
were two main dose-response patterns in various biomarkers of T. ionantha
after Cd stress treatment at different times, monophasic and biphasic
(Table S1).

Erofeeva (2020) used multiple indices to detect the frequency of differ-
ent types of dose effects in five different forms of plants (Betula pendula,
Tilia cordata, Taraxacum officiale, Triticum aestivum, Pisum sativum) under
heavy metal, herbicide, formaldehyde and salt stress and found that the fre-
quency of nonmonophasic responses was higher than that of monophasic
dose effects. However, Erofeeva (2020) found that in nonsingle-phase
dose effects, the hormesis effect did not dominate, but other tri- or multi-
phasic “paradoxical effects” dominated. In contrast, in our results, the
hormesis effect dominated in the nonmonophasic effect (Fig. S1), which
further hints at the high occurrence and superiority of the hormesis effect.
However, it should be noted that is required multiple dose effect fitting to
form a curve to determine whether there are multiple effects between or-
ganisms and toxins (Katsnelson et al., 2021).

4.2. The frequency of hormesis and the associated function of different types of
biomarkers

This study further revealed that the frequency of hormesis in different
types of markers considerably differed. Molecular or resistance markers
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promote the generation of hormesis and indicate the existence of hormesis
(Agathokleous et al., 2020; Ma et al., 2022). In this study, Cd resistance
genes had the highest frequency of hormetic response occurrence, followed
by resistance substances (Fig. S1), indicating that both genes and antioxi-
dants, especially the genes, may play a greater role in the process of produc-
ing hormetic effect. However, due to hormetic trade-offs, stress does not
always cause synchronous improvement of different plant parameters
(Erofeeva, 2022). The nonsignificant changes in damage markers compared
to the control (Fig. 2) are consistent with hormetic trade-off 2 (hormesis of
some plant traits with invariability in others), which is observed more often
than hormetic trade-off 1 (hormesis accompanied by the deterioration of
some plant traits) (Erofeeva, 2022).

Some scholars believe that although the potential mechanisms of toxic
stimulation are diverse, they are all based on changes at the molecular
level, regardless of the cellular or individual levels (Carvalho et al.,
2020). Therefore, this leads to the DNA damage repair theory that explains
the hormesis effect (Mégdefrau et al., 2019). Some studies have shown that
some biological stimulators maintain homeostasis by activating gene ex-
pression in plants as a way to adapt to stress (Vargas-Hernandez et al.,
2017; Dong et al., 2020). Overexpressing GSH1 and AsPCS1 increases the
tolerance and accumulation of Cd in Arabidopsis thaliana (Guo et al.,
2008). In this experiment, there were 9 Cd resistance genes in the related
species of A. comosus (Ming et al., 2015), 8 of which were successfully am-
plified in T. ionantha, and 6 genes showed obvious hormesis effects
(Table S1). In the factor analysis (Table 2), six genes also belonged to the
first principal component. Therefore, the Cd resistance genes are principal
sensitive markers of the hormesis effect and the main induction for the
hormesis effect.

Some resistant substances also play an important role in the production
of hormesis (Poschenrieder et al., 2013; Carvalho et al., 2020). Antioxidant
enzymes such as SOD, CAT and POD, as defense mechanisms in plants, can
effectively eliminate ROS produced by plants (Gill and Tuteja, 2010). GSH
and PCs, as nonprotein sulfhydryl compounds in plants, can chelate with
Cd?* and form complexes that exist in the cytoplasm or are transported
to vacuoles, thus slowing the toxicity of Cd to plants or enhancing the toler-
ance of plants to Cd (Adamis et al., 2007). In this experiment, GSH in
T. ionantha showed obvious hormesis effect after Cd treatment, indicating
that GSH was sensitive marker of the hormesis effects among the six resis-
tance markers tested, which also suggested that its changes promoted the
occurrence of hormesis effects to some extent.

In the face of Cd stress, plants have evolved various defense mecha-
nisms, in which GSH is considered to play a central role (Jozefczak et al.,
2012). As a widely distributed tripeptide compound, GSH is composed of
glutamic acid, cysteine and glycine, and several GSH molecules are poly-
merized to form phytochelatins (PCs). The sulfhydryl group (-SH) in GSH
and PC cysteine has a high affinity for metals, so it becomes a key chelating
agent for removing heavy metals (Ma et al., 2022). GSH is rich in cysteine,
and the six selected genes (Table 1) are also rich in cysteine (Ming et al.,
2015). Therefore, the synergistic relationship between GSH and Cd resis-
tance genes in the production of hormesis deserves further study.

This study included a range of increasing Cd exposures that are well
above the current environmental exposures (but selected based on a prelim-
inary assay; see methods). A limitation of this approach is that the plants,
while showing non-linear and hormetic responses, they could be under se-
vere oxidative stress, where the adaptive hormetic capacity of the plants
was considerably lowered. This might mean a considerably lower potential
for expression of dynamic, non-linear and especially hormetic responses,
relative to what might have been observed if several environmental and
sub-environmental exposures were studied. Therefore, the percentages of
the non-linear responses, and particularly the hormetic responses, might
have been underestimated in this study. Nevertheless, these results provide
an important basis to design and execute new studies with considerably
lower doses of Cd administered to this plant than those applied in this
study. The results suggest that further research with a range of smaller con-
centrations and exposure durations is warranted for a more critical and
comprehensive analysis of the actual hormetic responses of this plant.
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Finally, this study showcases a discrepancy in the classification of hormesis
between mathematical dose-response modeling (using classic dose-
response analysis software) and based on the biological definition of
hormesis. Specifically, this study indicates that a biphasic dose response
with one inhibition and one stimulation, classified based on dose-
response modeling, is not necessarily a hormetic response based on the def-
inition and current understanding of hormesis in the biology literature.
Therefore, caution should be exercised to comply with the definition and
understanding in biology when characterizing a dose response as hormesis
based on mathematic dose-response model.

5. Conclusion

The non-linear response, and especially the hormesis effect, helps plants
adapt to various stressors, which is expected to provide new perspectives
for improving phytoremediation capabilities in the future. After Cd stress
of different durations, 7 of the 18 biomarkers of T. ionantha showed the
hormesis effect, which further explained the common occurrence of the
time-dependent hormesis effect induced by Cd. However, there are obvious
differences in the frequency of the hormesis effect among the three types of
biomarkers. The hormesis frequency of molecular markers is higher than
that of resistance markers, and no damage markers show hormesis. On
the one hand, the hormesis frequency of molecular markers reflects the dif-
ferent sensitivity of different markers to the hormesis effect, and on the
other hand, it also suggests that changes at the molecular level may more
likely influence the generation of the hormesis effect. Nevertheless, the
low-dose excitatory effect of a toxicant may be the result of multiple mech-
anisms. Further research on how different mechanisms are expressed se-
quentially and interactively will be of great significance to reveal the
influence factors of the hormesis effect.
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ABSTRACT

While numerous studies reported hormesis in plants exposed to heavy metals, metals were commonly added in the
growth substrate (e.g. soil or solution). The potential of heavy metals in the atmosphere to induce hormesis in plants,
however, remains unknown. In this study, we exposed the widely-used accumulator plant Tillandsia usneoides to 10 at-
mospheric Pb concentrations (0-25.6 pgm ) for 6 or 12 h. Three types of dose-response relationships between dif-
ferent response endpoints (biomarkers) and Pb concentrations were found for T. usneoides. The first was a
monophasic dose response, in which the response increased linearly with increasing Pb concentrations, as seen for me-
tallothionein (MT) content after a 6-h exposure. The second and dominating type was a biphasic-hormetic dose re-
sponse, exhibited by malondialdehyde (MDA), superoxide anion radical (O»* ™), and superoxide dismutase (SOD)
after 6 or 12 h of exposure and by glutathione (GSH) and MT content after 12 h of treatment. The third type was a
triphasic dose response, as seen for leaf electric conductivity after 6 or 12 h of exposure and GSH after 6 h of exposure.
This finding suggests that Pb inhibited the response of T. usneoides at very low concentrations, stimulated it at low-to-
moderate concentrations, and inhibited it at higher concentrations. Our results demonstrate diverse adaptation mech-
anisms of plants to stress, in the framework of which alternating between up- and down-regulation of biomarkers is at
play when responding to different levels of toxicants. The emergence of the triphasic dose response will further en-
hance the understanding of time-dependent hormesis.

1. Introduction

Atmospheric contamination by heavy metals is a widespread global
issue due to the complex origination (such as mining, manufacturing, and
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http://dx.doi.org/10.1016/j.scitotenv.2021.152384
0048-9697/© 2021 Elsevier B.V. All rights reserved.
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fossil fuel burning), wide distribution, high bioaccumulation, and toxicity
(Li et al., 2018; Dinake et al., 2021). Some investigations have revealed
that heavy metals can enter plants through foliage (Uzu et al., 2010;
Xiong et al., 2017; Natasha and Khalid, 2020). Despite considerable
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progress in recent years, however, data regarding foliar metal uptake and
associated phytotoxicity remain extremely limited compared to phytotoxic-
ity as a result of root exposure and uptake (Shahid et al., 2017).

Organisms respond to environmental challenges in various ways.
Among them, the linear dose response with no toxicological threshold
(LNT) has been extensively studied in toxicological studies, especially be-
cause most previous studies primarily focused on high doses of pollutants
(Costantini and Borremans, 2019). A different kind of dose response is
hormesis, in the framework of which a toxicant has a stimulating effect at
low doses and a toxic effect at high doses, thus forming a biphasic dose-
response relationship considering also the effects of sub-threshold doses
of toxicants (Agathokleous et al., 2019a, 2019b, 2020). Although hormesis
had undergone a long-lasting controversial history (Calabrese, 2018), an in-
creasing number of plants, animals, and microorganisms are found to ex-
hibit hormesis when subjected to different environmental stresses,
including heavy metals, suggesting hormesis is a common phenomenon
(Muszynska and Labudda, 2019; Shahid et al., 2019; Agathokleous et al.,
2020; Salinitro et al., 2021). Various biomarkers, including biomass, en-
zyme activity, chlorophyll fluorescence traits, photosynthesis and photo-
synthetic pigment concentrations, and other oxidative stress indicators,
can be used to investigate hormesis in plants (Carvalho et al., 2020).

Tillandsia spp. (Bromeliaceae) are perennial flowering plants known as
“air plants” because they do not need soil substrate for their growth; they
thrive on “air” by clinging to branches, wires, rocks, and any other mate-
rials or structures that provide a suitable habitat for their growth and devel-
opment (Benzing, 2000). Tillandsia spp. are native to Central and South
America, with over 600 species, and are easy to cultivate and have high or-
namental value, thus being widely introduced worldwide (Benzing, 2000).
Most Tillandsia species are epiphytes, absorbing water and nutrients from
the air via leaves; therefore, the leaves have a high capacity to also absorb
air pollutants, such as heavy metals. Hence, Tillandsia spp. has become an
accumulative indicator plant that can sensitively monitor heavy-metal pol-
lution of the air. Numerous studies have shown that various atmospheric
heavy metals, including Hg, Co, Cu, Fe, Ni, Mn, Pb, Cd, Pb, V, Cs, and Zn,
can be effectively accumulated in different species of Tillandsia (Calasans
and Malm, 1997; Figueiredo et al., 2007; Wannaz et al., 2011; Sdnchez-
Chardi, 2016; Schreck et al., 2020; Sun et al., 2021a).

Tillandsia spp. produces different physiological responses after heavy-
metal stress. After treating T. capillaris with different concentrations
(0.5-10 mM) of Ni, Cu, Zn, or Pb solutions for 45 min, the malondialdehyde
(MDA) content was increased by Pb treatment but was not significantly
changed by Ni, Cu, and Zn treatments (Wannaz et al., 2011). Treatment
of four Tillandsia spp. species with 2 uM Cd®* for one month did not
cause significant morphological damage and elevation in the glutathione
(GSH) level, but caused a significant elevation in the reactive oxygen spe-
cies (ROS) and peroxidase (POD) levels (Kovacik et al., 2014). The preva-
lence of hormesis in the widely-used accumulative indicator Tillandsia
spp., however, remains to be elucidated, although it is now understood
that heavy metals cause hormesis in (hyper)accumulator plants
(Calabrese and Agathokleous, 2021). Importantly, bioindication outcomes
and pollution status assessments based on an LNT or threshold dose-
response perspective could be incorrect if Tillandsia spp. exhibits non-
considered hormetic responses to heavy metals (or other pollutants).
Hence, hormetic responses of Tillandsia spp. to heavy metals should be stud-
ied.

Changes in the levels of various biomarkers in Tillandsia usneoides were
previously studied after atmospheric Hg treatment. The dose-response
curves between Hg concentrations and the content of superoxide dismutase
(SOD), GSH, and metallothionein (MT) were in agreement with hormesis
(Sun et al., 2021b), suggesting that other heavy metals may also induce
hormesis in Tillandsia spp. Here, we exposed T. usneoides to Pb concentra-
tion gradients ranging from very low to high, for 6 or 12 h, to evaluate
the response of main biomarkers and construct dose-response curves. We
were interested in exploring the various characteristics and mechanisms
of the occurrence of Pb-induced hormesis in Tillandsia spp. for the first
time, considering also the potential temporal variation in hormetic
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responses (Agathokleous et al., 2020). We hypothesized that T. usneoides
displays diverse physiological responses to Pb stress, with common occur-
rence of hormesis; however, with the same biomarkers displaying dose-
response relationships that vary in their nature depending on exposure du-
ration. Such adjustments in key biomarkers within a hormetic dose-
response framework would allow T. usneoides to enhance its coping poten-
tial and protect itself against damage induced by accumulated stress.

2. Material and methods
2.1. Material

T. usneoides is known as Spanish moss because of its moss-like shape
(Benzing, 2000). T. usneoides has weak roots and slender stems with thin,
curved leaves that form a chain-like hanging structure (Fig. 1). In this
study, healthy T. usneoides plants of similar size were selected as experimen-
tal materials. First, they were thoroughly washed with deionized water and
soaked for 30 min to saturate them with water. Then, they were dried uni-
formly for 30 min at 25 °C.

2.2. Atmospheric Pb treatment

The experiment was conducted in an airtight exposure chamber made
of polymethyl methacrylate (PMMA) with a volume of 0.08 m®. The cham-
ber was connected to an air pump and an atomizer. The air pump provided
continuous air power for the atomization system, and the atomizer pro-
duced a fine mist of the heavy-metal solution in an external syringe to cre-
ate an aerosol atomized environment. There was a fan rotating in the
middle of the chamber to quickly and evenly mix the gaseous heavy metals.

A 1/1000 balance was used to accurately weigh a fresh weight of 40 g of
T. usneoides plant material for each treatment. The plants were divided into
five groups and five replicates of 8 g each were created, and the grouped T.
usneoides were suspended on a thin rope inside the chamber. The annual
limit for the atmospheric lead concentration set is 0.5 pg'm ~° in China
(Ministry of Environmental Protection, 2012). So ten Pb concentration
values (0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 pg'm ™ >) below
and above the Pb limitation value and two exposure durations (6 h and
12 h) were studied, resulting in 20 dose treatments. As T. usneoides demon-
strates crassulacean acid metabolism and open stomata at night (Benzing,
2000), the 6-h atomization experiment was carried out at night between
18:00 and 24:00, whereas the 12-h atomization experiment was conducted
between 18:00 and 06:00 the next day. The amount of Pb standard solution
required was measured according to the set Pb concentration and the vol-
ume of the atomization box. To reduce the impact of the injection time,
the amount of Pb solution in the syringe was uniformly set to 30 mL and
the injection rate was set to 15 mL:h ™1

2.3. Pb-induced visible injury

Immediately after the treatment with different doses of Pb, the T.
usneoides plants were removed and visually observed for visible injuries.

2.4. Determination of the damage markers in leaf

The leaf relative conductivity and MDA and O,*~ levels were used to as-
sess the damage after the treatments. Referring to the method proposed by
Li (2000), the relative conductivity was determined using a DDS-307A con-
ductivity meter; the MDA content was determined using the thiobarbituric
acid method.

The O»*~ content was determined using the method suggested by Lei
et al. (2006). Briefly, 1 g of T. usneoides samples were ground in
65 mol'L ™! phosphate buffer (pH 7.8) with quartz sand using a mortar on
ice. The ground samples were transferred to centrifuge tubes, and brought
up to a volume of 10 mL with phosphate buffer. After filtering, the samples
were centrifuged at 10,000 rpm for 10 min, and the supernatant was col-
lected as the extract for further experiments. Two milliliters of the extract
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Fig. 1. Tillandsia usneoides before and after Pb treatment. A, Before Pb stress; B, After exposure to 6.4 ug-m’3 Pb for 6 h; C, After exposure to 25.6 pgm’3 Pb for 12 h.

(1.5 mL of phosphate buffer and 0.5 mL of hydroxylamine hydrochloride)
were added, followed by incubation in a thermostatic water bath at 25 °C
for 20 min after mixing. Next, 2 mL of the reaction solution aspirated
from each of those tubes were added to three individual new tubes contain-
ing 2 mL of 17 mmolL ™" p-aminobenzene sulfonic acid and 2 mL of
7 mmol'L ™! a-naphthylamine. The samples were incubated in a thermo-
static water bath at 30 °C for 30 min to react. Finally, absorbance was mea-
sured at 530 nm to calculate the O, content.

2.5. Determination of the resistance markers

SOD, GSH, and MT contents were used to assess the resistance. The SOD
activity was determined using the nitrogen blue tetrazolium method pro-
posed by Li (2000).

The GSH content was determined following the method suggested by
Qian et al. (2013). Briefly, 0.5 g of fresh samples were weighed and ground
in 5 mL of 5% trichloroacetic acid, and the supernatant was collected after
centrifuging at 1500 rpm for 10 min. One milliliter of distilled water, 1 mL
of 0.1 mol'L. ™ ! phosphate buffer, and 0.5 mL of 4 mmol-L ~ ! DTNB solution
were added in a new tube and mixed. Two additional tubes were prepared.
First, 1 mL of the supernatant and 1 mL of 0.1 mol'L ™! phosphate buffer
(pH 7.7) were added in each tube. Then, 0.5 mL of 4 mmol'L.™~ 1 DTNB solu-
tion were added to one tube, and 0.5 mL of 0.1 mol'L. ! phosphate buffer
(pH 6.8) was added to the other tube. The two tubes were incubated at
25 °C for 10 min. Absorbance of the chromo-developing solution was mea-
sured immediately at 412 nm. Absorbance values of the mixtures in the
sample tube (ODs) and blank control tube (ODc) were recorded. GSH con-
tent was calculated according to the difference in absorbance values per
leaf fresh mass (umol-g ~* FW).

The MT content was determined by adopting the metal-binding
method: 1.0 g of a fresh plant sample was weighed into a mortar, and
6 mL of pre-chilled 0.1 mol/L Tris-HCI buffer (pH 8.6) were added. The
sample was ground in an ice bath until homogenization and extracted over-
night in a refrigerator. To collect the supernatant, the sample was heated in
a water bath at 90 °C for 3 min, brought to 25 °C, and centrifuged at
10,000 rpm for 10 min. Then, pre-chilled anhydrous ethanol (a volume
three times the volume of the supernatant) was added, precipitated over-
night at —20 °C, and centrifuged at 10,000 rpm for 10 min. The precipitate
was retained, and then 5 mL of 0.1 mol/L Tris-HCI buffer were added to the
precipitate, dissolved for 3 h, and centrifuged at 10,000 rpm for 10 min to
collect the supernatant. The MT content was calculated after determining
the Pb content using the atomic fluorescence method.

2.6. Data analysis

2.6.1. Assessment of exposure-response relationships

Physiological responses to Pb exposure were expressed as a percent in-
crease or decrease relative to the control exposure. Each exposure-response
relationship was classified following the model-fitting method of Di Veroli
et al. (2015). Four kinds of models were evaluated for goodness of fit to the

exposure-response data: i) monophasic without agonist effect, ii) biphasic
with 2 points of inhibition, iii) biphasic with one stimulatory effect, and
iv) triphasic with stimulatory effect and 2 points of inhibition. The best-
fitting model was chosen based on the small-sample corrected Akaike Infor-
mation Criterion (AIC), where a lower AIC score indicates a better fit.

2.6.2. Standard hypothesis resting of treatment effect

Average values corresponding to each Pb level were used as statistical
units. Differences between the data obtained from the various doses of Pb
were identified using a one-way ANOVA followed by the Tukey-HSD post
hoc test. For ANOVAs, all variables were checked for normality of variance
using the Shapiro-Wilk test and homogeneity using Levene's test. Differ-
ences were considered significant if p < 0.05. Data were analyzed using
SPSS 23.0 (IBM, USA).

3. Results
3.1. Pb-induced visible injuries

T. usneoides remained green after treatment with 0-3.2 pgm ™3 Pb
(Fig. 1A). When the Pb dose was increased to 6.4 pgm™ 3 for 6 h, the leaves
began to develop yellowing at the tips (Fig. 1B). Visual observations indi-
cated that the yellowing area of the leaves increased as the Pb dose contin-
ued to increase; however, no plants showed obvious deterioration,
including those treated with the largest Pb dose (Fig. 1C).

3.2. Relative conductivity

The relative conductivity of T. usneoides leaves before the Pb treatment
of 6 and 12 h was 30.55 * 1.54% (Table 1) and 30.75 + 1.81% (Table 2),
with no statistically significant difference between the means (p > 0.05).
After exposed to 0.1 pg'm ™2 Pb, the conductivity value increased signifi-
cantly. Then, it decreased after exposure to 0.2 pg'm~>, and increased
again at 0.4 (6 h) or 0.8 (12 h) pgm’3 Pb (Fig. 2A). Generally, significant
differences existed among different treatments for 6 h (F = 138.545,
p <0.001) and 12 h (F = 693.396, p < 0.001). The relationship between
Pb concentrations and relative conductivity after 6 or 12 h of treatment
was best described by a triphasic model (Table 3).

3.3. MDA content

After 6 or 12 h of Pb treatment, the MDA content in T. usneoides leaves
exhibited a similar triphasic trend, i.e. first increased, then decreased, and
finally increased again (Fig. 2B). The MDA content was highest when Pb
was applied at a concentration of 25.6 pg'm~°, reaching 4.54 =+
0.07 nmol-g~ ! and 4.70 + 0.09 nmol-g~ " after 6 (Table 1) and 12 h
(Table 2); it was significantly higher than the means of the other treat-
ments. The first peak of MDA content was different between 6 and 12 h
of Pb treatment, respectively. The first peak was 2.86 *+ 0.46 nmol-g "
after 6 h of Pb treatment at the concentration of 1.6 pg'm ™ >, while it was
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Table 1

Changes in six biomarkers in Tillandsia usneoides after a 6-h exposure to different Pb concentrations. Values shown are means = SEs (n = 5).
Pb concentration (ug:m~>) REC (%) MDA (nmol-g 1) 02 (pgg™ SOD (U-g~min~ 1) GSH (umol-g") MT (pgL')
0.0 30.55 + 1.54b 1.74 = 0.2¢c 363.82 + 4.54b 143.80 + 31.49c 166.57 += 17.57a 78.95 + 9.73a
0.1 7591 = 1.2a 2.22 + 0.12bc 371.09 + 2.82ab 151.00 + 25.77bc 153.00 = 11.91ab 81.53 = 23.95a
0.2 28.45 = 2.91b 2.11 + 0.33bc 374.37 = 0.31a 155.00 = 19.75bc 138.62 = 14.13ab 80.38 = 15.21a
0.4 34.55 + 5.77b 2.30 + 0.4bc 367.82 + 6.05ab 160.42 + 11.57bc 156.92 + 12.99a 80.62 + 17.8a
0.8 20.36 = 0.3c 2.67 + 0.32b 377.75 * 2.52a 143.86 + 15.78c 167.57 = 3.95a 80.39 = 9.07a
1.6 19.29 + 1.57c¢ 2.86 + 0.46b 371.22 + 5.97ab 120.57 + 40.5c 103.25 *= 4.45bc 80.43 = 14.14a
3.2 22.89 = 2.36bc 2.31 + 0.25bc 374.47 = 2.41a 200.67 = 25.9b 124.46 = 8.29b 82.52 = 9.77a
6.4 25.29 + 4.38bc 2.07 = 0.73bc 370.36 + 4.1ab 211.43 = 21.0b 124.12 + 4.87b 80.09 = 11.86a
12.8 30.88 + 1.55b 2.64 + 0.14b 321.98 + 0.62c 260.32 + 3.48ab 91.69 + 12.11bc 80.48 = 2.41a
25.6 33.49 = 0.97b 4.54 = 0.07a 370.85 + 1.12a 305.00 + 18.71a 111.62 = 37.63bc 80.39 = 16.59a

REC, relative electric conductivity; MDA, malondialdehyde; O,+~, superoxide anion radical; SOD, superoxide dismutase; GSH, glutathione; MT, metallothionein. Different
small letters indicate a significant difference among different treatments for the same parameter at the level of 0.05. Data were tested with ANOVA followed by Tukey-

HSD post hoc test.

3.65 + 0.06 nmol-g ! after 12 h of treatment with 6.4 ug Pbm ™3, The best
model explaining the relationship between Pb concentrations and MDA
content after 6 or 12 h of treatment was the biphasic (Table 3).

3.4. Op*~ content

The O,*~ content in T. usneoides leaves varied between 321.98 and
377.75 pgg~ ' (Table 1) and between 296.74 and 379.98 pgg~!
(Table 2) after 6 and 12 h of Pb treatment, respectively. No significant dif-
ferences were found between these ranges, except that the O»*~ content at
12.8 pg'm > Pb was significantly lower than that in other treatments. Nev-
ertheless, the analysis of the fitting curves showed a clear trend between the
O,~ content and the Pb dose. As the Pb concentration increased, the O, ™
content increased, decreased, and then increased again in the form of a flat
S shape (Fig. 2C). A biphasic model displayed the best fit to the relationship
between Pb concentrations and O,*~ content after 6 or 12 h of treatment
(Table 3).

3.5. SOD activity

SOD activity of T. usneoides leaves continued to increase with an increas-
ing Pb concentration from 0 to 0.4 pg'm ~ 3, whether after 6 or 12 h of treat-
ment (Fig. 3A). When the Pb concentration was increased to 0.8 pgm ™3,
SOD activity decreased, but the difference was not significant (Tables 1,
2). SOD activity was the highest at the largest Pb concentration, reaching
305.00 + 18.71 and 440.00 + 53.85 U-g~ min~' at 6 and 12 h respec-
tively, which were significantly higher than those at lower Pb concentra-
tions (Tables 1, 2). The best model between Pb concentrations and SOD

content after 6 or 12 h of treatment was biphasic (Table 3).
3.6. GSH content

When T. usneoides was exposed to different Pb concentrations in the
range of 0-0.8 pg'm > for 6 h, the GSH content did not change significantly

(Table 1). With an increasing Pb concentration, the GSH content decreased
significantly (Fig. 3B) to reach a minimum value of 91.69 =+
12.11 pmol-g ! at a Pb concentration of 12.8 pgm ™3, a value that was
significantly smaller than that of the control group (166.6 =
19.7 ymol-g ™).

At 12 h, the GSH content first increased with Pb concentration increas-
ing to 0.1 and 0.2 pg'm ™~ (Fig. 3B); however, the difference among them
was not significant (Table 2). After this, the GSH content decreased signifi-
cantly in the Pb concentration range of 0.4 to 1.6 pg'm ™2 (Table 2),
reaching a minimum of 94.8 + 22.6 pmol-g~ ' at 1.6 pg Pbm ™~ >. When
the Pb concentration was larger (3.2-25.6 pg'm ™~ °), the GSH content in-
creased again to become closer to the control value. The best model describ-
ing the relationship between Pb concentrations and GSH content for the 6-h
treatment was triphasic, while for the 12-h treatment was biphasic
(Table 3).

3.7. MT content

Generally, no significant differences of MT contents existed among
different treatments for 6 h (F = 0.008, p > 0.05) and 12 h (F =
1.426, p > 0.05). After 6 h of Pb treatment, the MT content in T.
usneoides showed an increasing trend with an increase in Pb concentra-
tion (Fig. 3C). A maximum of 3.567 pg'L ™! was reached at a Pb concen-
tration of 3.2 pg'm 3, but the MT content did not differ significantly
between the various Pb treatment groups (Table 1). At 12 h, under treat-
ment with different concentrations of Pb, the MT content in T. usneoides
leaves first increased and then decreased with the increase in Pb concen-
tration (Fig. 3C). The MT content in T. usneoides leaves did not change
significantly at low Pb concentrations (0.1-0.4 pg'm~>). At the two
highest Pb concentrations applied (12.8 and 25.6 pg'm~?), the MT
content in T. usneoides leaves sharply increased (Table 2). The best
model fit to the relationship between Pb concentrations and MT content
after 6 h of treatment was monophasic but turned into biphasic at 12 h
(Table 3).

Table 2

Changes in six biomarkers in Tillandsia usneoides after a 12-h exposure to different Pb concentrations. Values are means + SEs (n = 5).
Pb concentration (pg-m’S) REC (%) MDA (nmol>g’1) Oy (pg-g’l) SOD (U-g’l'min’l) GSH (pmol-gl) MT (ngl)
0.0 30.75 = 1.81c 2.46 + 0.06 cd 357.30 + 5.65a 134.52 = 8.55¢ 177.88 + 29.56a 55.56 = 13.65a
0.1 69.99 = 1.39b 2.03 + 0.23d 379.98 + 2.64a 150.38 = 13.32d 198.45 + 8.89a 62.19 = 27.25a
0.2 66.48 = 1.51b 2.35 * 0.26d 373.74 = 6.16a 150.67 = 28.93d 181.42 + 11.28a 65.56 = 18.35a
0.4 24.38 + 1.32d 2.37 + 0.52d 373.59 = 1.51a 174.55 + 38.74 cd 130.09 = 2.30bc 57.56 + 6.36a
0.8 75.17 = 0.06a 2.78 + 0.06 cd 371.95 + 3.96a 148.33 * 36.67d 105.64 + 13.06 cd 83.59 = 27.53a
1.6 19.82 + 1.11e 2.73 £ 0.16 cd 378.18 + 2.89a 152.00 = 22.72d 94.76 = 22.58d 62.64 = 10.40a
3.2 23.55 + 0.13de 3.19 + 0.57bc 358.41 = 6.19a 223.33 + 22.51 cd 118.36 + 12.99 cd 63.56 = 11.19a
6.4 26.01 = 1.61d 3.65 + 0.5b 361.40 + 3.23a 325.00 + 38.01b 99.50 = 7.71 cd 64.51 = 29.40a
12.8 31.44 = 0.09c 2.29 + 0.26d 296.74 + 35.56b 347.89 + 31.79b 125.44 = 0.94bc 91.31 * 5.49a
25.6 34.34 = 3.67c 4.70 = 0.08a 378.45 = 0.82a 440.00 + 53.85a 162.05 = 29.29ab 100.09 *+ 9.77a

REC, relative electric conductivity; MDA, malondialdehyde; O,*~, superoxide anion radical; SOD, superoxide dismutase; GSH, glutathione; MT, metallothionein. Different
small letters indicate a significant difference among different treatments for the same parameter at the level of 0.05. Data were tested with ANOVA followed by Tukey-

HSD post hoc test.
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Fig. 2. Effects of Pb on damage markers of the leaf in Tillandsia usneoides after 6 h and 12 h exposure. A, REC, relative electric conductivity; B, MDA, malondialdehyde; C,
O, superoxide anion radical; The response to Pb exposure was expressed as a percent increase or decrease relative to the conrol exposure where Pb concentration is
zero and the response index is 1. The data are means + SEs (n = 5). Different small letters indicate a significant difference between different times for treatment with
the same Pb concentration at the level of 0.05, whereas same small letters indicate no significant difference.

4. Discussion

Among the atmospheric heavy metals, lead, as a non-essential element,
can easily accumulate in organisms, destroy cell structure, and cause seri-
ous harm to the ecological environment (Natasha and Khalid, 2020;
Dinake et al., 2021). The natural background value of lead in the atmo-
sphere is very low, with only about 5 s 10> ug'm ~* (Elsom, 1996), and
the annual limit is 0.5 pgm™> in China (Ministry of Environmental
Protection, 2012). In this experiment, 10 Pb concentrations (from 0 to
25.6 pg'm~>) and two exposure durations were set, resulting in a total of
20 treatment conditions applied to stress T. usneoides. After 12 h of treat-
ment with the maximum Pb concentration of 25.6 pg'm ™3, T. usneoides
only showed yellowing of the leaves without obvious deterioration

(Fig. 1C), yet the Pb concentration in the atomization box was 51-fold the
annual average atmospheric Pb concentration limit (0.5 pg'm ~2). This re-
sult indicates that T. usneoides is resistant to atmospheric Pb stress, extend-
ing previous findings that accumulator plants are resistant to a wide range
of biotic or abiotic stresses (Barbosa et al., 2015). This may be the reason
why Tillandsia spp. has become a widely used indicator to reflect the levels
of atmospheric pollutants based on the contents of retained pollutants
(Wannaz et al., 2011; Li et al., 2019).

The response of different biomarkers in T. usneoides to Pb was diverse,
and there were three main types of fitting types. The first was a monopha-
sic, linear dose response observed for the MT content after 6 h of treatment.
The second was a biphasic dose response with one inhibition and one stim-
ulation, i.e. a hormetic dose response (Agathokleous et al., 2020), found for
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Table 3
Akaike Information Criterion (AIC) for the four fitting types corresponding to Pb ex-
posure-response relationships for six biomarkers in Tillandsia usneoides.

Response trait Exposure time Fitting type AIC
REC 6h Hill/monophasic (1 inhib.) 1969.57
Biphasic (2 inhib.) 1979.53
Biphasic (1 inhib. + 1 stim.) 278.28
Triphasic (1 inhib. + 2 stim.) 256.82
REC 12h Hill/monophasic (1 inhib.) 2376.05
Biphasic (2 inhib.) 2371.18
Biphasic (1 inhib. + 1 stim.) 1574.70
Triphasic (1 inhib. + 2 stim.) 821.31
MDA 6 h Hill/monophasic (1 inhib.) 3186.52
Biphasic (2 inhib.) 9499.59
Biphasic (1 inhib. + 1 stim.) 149.57
Triphasic (1 inhib. + 2 stim.) 155.52
MDA 12 h Hill/monophasic (1 inhib.) 520.25
Biphasic (2 inhib.) 4026.63
Biphasic (1 inhib. + 1 stim.) 219.18
Triphasic (1 inhib. + 2 stim.) 223.22
05 6 h Hill/monophasic (1 inhib.) 638.17
Biphasic (2 inhib.) 630.12
Biphasic (1 inhib. + 1 stim.) 182.74
Triphasic (1 inhib. + 2 stim.) 506.26
O3 * 12 h Hill/monophasic (1 inhib.) 221.44
Biphasic (2 inhib.) 224.38
Biphasic (1 inhib. + 1 stim.) 121.42
Triphasic (1 inhib. + 2 stim.) 323.16
SOD 6h Hill/monophasic (1 inhib.) 124.33
Biphasic (2 inhib.) 230.57
Biphasic (1 inhib. + 1 stim.) 102.64
Triphasic (1 inhib. + 2 stim.) 108.22
SOD 12 h Hill/monophasic (1 inhib.) 333.29
Biphasic (2 inhib.) 732.79
Biphasic (1 inhib. + 1 stim.) 106.31
Triphasic (1 inhib. + 2 stim.) 119.85
GSH 6h Hill/monophasic (1 inhib.) 177.01
Biphasic (2 inhib.) 144.45
Biphasic (1 inhib. + 1 stim.) 182.48
Triphasic (1 inhib. + 2 stim.) 105.58
GSH 12 h Hill/monophasic (1 inhib.) 101.81
Biphasic (2 inhib.) 107.76
Biphasic (1 inhib. + 1 stim.) 90.91
Triphasic (1 inhib. + 2 stim.) 108.02
MT 6 h Hill/monophasic (1 inhib.) 42.23
Biphasic (2 inhib.) 49.50
Biphasic (1 inhib. + 1 stim.) 48.15
Triphasic (1 inhib. + 2 stim.) 54.14
MT 12 h Hill/monophasic (1 inhib.) 51.56
Biphasic (2 inhib.) 85.45
Biphasic (1 inhib. + 1 stim.) 49.67
Triphasic (1 inhib. + 2 stim.) 54.92

REC, relative electric conductivity; MDA, malondialdehyde; O*~, superoxide anion
radical; SOD, superoxide dismutase; GSH, glutathione; MT, metallothionein; inhib.,
inhibition; stim., stimulation.

MDA, O,+ ", SOD, and GSH after 6 or 12 h of exposure and for MT after 12 h
of exposure. The third was a triphasic dose response in the leaf relative elec-
trical conductivity after 6 or 12 h of treatment and for GSH after 6 h of treat-
ment. These results indicate the complexity of studying dose-response
relationships as a result of exposures to environmental pollutants.

The monophasic linear (LNT) model between the toxicant dose and the
biological response has been widely studied (Costantini and Borremans,
2019), and the changes in MT content after 6 h exposure activity in the
present experiment agreed with this model. MT is a metal-binding protein,
which is effective in mitigating heavy-metal damage in plants (Natasha and
Khalid, 2020). The MT activity in T. usneoides increased with increasing Pb
concentrations in both the 6-h and 12-h treatments. However, the dose-
response relationship became biphasic within 12 h, suggesting that the lin-
ear dose response may only depict an initial disruption of the homeostasis
at the very early stages of stress, i.e. a transient state preceding more com-
plex non-monotonic responses (Agathokleous, 2018; Muszynska and
Labudda, 2019; Carvalho et al., 2020). The responses of MT activity
found in this study suggest that T. usneoides tried to protect itself from the
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Pb-induced oxidative damage, which may also account for its high resis-
tance to Pb stress.

It is worth noting that the leaf relative electrical conductivity, and GSH
dose-response curves after 6 h of treatment were triphasic. Increasing Pb
doses induced an increase, followed by a decrease and then a second in-
crease in the conductivity contents, whether at 6 h or 12 h of treatment.
In contrast, Pb induced a decrease, then an increase, and finally a decrease
in GSH contents at 6 h of treatment. GSH is an antioxidant substance, which
is also effective in mitigating heavy metal-induced damage in plants
(Natasha and Khalid, 2020). It means that T. usneoides is inhibited by a
very low concentration of Pb, stimulated by a low-to-medium concentra-
tion, and inhibited again after treatment at a higher concentration, result-
ing in a triphasic dose response involving hormesis. Similar triphasic
responses have been observed in a number of studies, such as with
(i) zebrafish embryos exposed to proton microbeam and X-rays (Choi
et al., 2012; Kong et al., 2016), (ii) microorganisms exposed to Cd and Pb
(Fan etal., 2021; Wang et al., 2021), and (iii) higher plants exposed to form-
aldehyde and other air pollutants (Calabrese and Agathokleous, 2021;
Erofeeva, 2020; Erofeeva, 2018). A recent review by Katsnelson et al.
(2021) indicates that alternating between upregulation and downregula-
tion of any response is possible when living organisms respond to different
levels of toxicants, while specific and non-specific adaptive responses may
reflect an inducible adaptive capacity of plants challenged with stress to ac-
climate to random, unpredictable environmental changes (Erofeeva, 2022).
Furthermore, Erofeeva (2018) suggested that Shelford's curve and hormesis
complemented each other, with hormesis be localized in the stress zone of
the Shelford's curve in situations where “adaptive mechanisms are disabled
within the ecological optimum”. An increasing number of studies docu-
ments the occurrence of triphasic responses of various organisms to atmo-
spheric and soil pollutants (Calabrese and Agathokleous, 2021),
suggesting that ultra-low doses that are much below the traditional toxico-
logical thresholds can produce negative effects. These findings indicate the
need for more studies covering the entire dose-response spectrum to en-
lighten ecological risk assessments.

Response mechanisms of various organisms to adversity, including
hormesis, are essentially defense, adaptation, or repair mechanisms when
facing an adverse attack, and are the result of natural selection in the pro-
cess of evolution in nature (Costantini and Borremans, 2019; Calabrese
and Agathokleous, 2020). In contrast with the fixed physical and chemical
laws followed by inanimate matter, organisms are inherently dynamic, and
the mechanisms and rates of adaptation to adversity are even more vari-
able. Different toxicants cause varying biological mechanisms of hormesis,
and the mechanisms of hormesis caused by the same toxicant on different
organisms are complex and diverse (Agathokleous et al., 2020; Jalal
et al., 2021; Erofeeva, 2022). Mechanisms that can theoretically explain
hormesis include overcompensation, overcorrection, and DNA damage re-
pair (Calabrese, 2018). Substances that scavenge ROS or can effectively
chelate toxicants, such as antioxidants and metal-binding proteins and
their associated functional genes are thought to play a major role in
hormesis (Agathokleous and Calabrese, 2019; Kim et al., 2018). SOD activ-
ity in Hordeum vulgare increases before decreasing as the concentration of
Cd increases (Kaciene et al., 2015). Furthermore, stress induced by heavy
metals, such as Cu, Zn, Ni, and Cd, caused a significant elevation in the ex-
pression of MT and phytochelatin genes in three Azolla spp. (Talebi et al.,
2019). The triphasic dose response involving hormesis found in this study
may be a response mechanism of this taxon of Tillandsia spp. to stress or
may be a more general mechanism of numerous taxa that is currently
non-recognized.

The changes in the MDA, O5+~, SOD, and GSH content after 12 h of
treatment in the present experiment also revealed the above-mentioned
mechanisms, which were consistent with the type for hormesis
(Agathokleous et al., 2019b, 2020). However, differing from common
hormesis, i.e., stimulation at low concentrations and inhibition at high con-
centrations, very low Pb concentrations induced a decrease in the GSH and
SOD content, whereas high Pb concentrations induced an increase in the
GSH and SOD content in T. usneoides leaves. SOD, which is mainly found
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Fig. 3. Effects of Pb on the resistance markers in Tillandsia usneoides after 6 h and 12 h exposure. A, SOD, superoxide dismutase; B, GSH, glutathione; C, MT, metallothionein.
The response to Pb exposure was expressed as a percent increase or decrease relative to the control exposure where Pb concentration is zero and the response index is 1. The
data are means = SEs (n = 5). Different small letters indicate a significant difference between different times for treatment with the same Pb concentration at the level of
0.05, whereas same small letters indicate no significant difference.

in the cytoplasm and between the inner and outer mitochondrial mem- SOD decreased before increasing implies that the effect of Pb on T. usneoides
branes, is the first enzyme to interact with ROS radicals, controlling the might be inhibitory at first and then stimulating. The beneficial stimulating
steady-state level of O?~ in plant cells and protecting the organism from ox- effect of the toxicant, Pb, on organisms cannot always be maintained, and

idative damage (Lscher et al., 2002). The fact that the levels of GSH and the inhibitory effect is bound to occur only after a certain concentration is
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reached. Therefore, a “high concentration” of GSH and SOD at this thresh-
old value may only be a “moderate concentration” of O, and MDA.
Hormesis-like stimulatory effects can occur because accumulator plants
are resistant to various toxicants (Barbosa et al., 2015; Calabrese and
Agathokleous, 2021). The difference in the response to Pb between the
GSH, SOD, O,* ", and MDA contents may be mainly because of their differ-
ential sensitivity to Pb, which has long been recognized for different bio-
markers (Bartell, 2006).

5. Conclusion

The dose-response relationship between the changes in the SOD, O,* ™,
and MDA contents and Pb in T. usneoides leaves suggests that Pb can induce
hormesis in T. usneoides. Following a recent study demonstrating that atmo-
spheric Hg induces hormesis in T. usneoides (Sun et al., 2021b), this study
further suggests that hormesis may also be quite common in the accumula-
tive indicator plant Tillandsia spp. The hypothesis of hormesis was further
enriched by the triphasic dose response to Pb, reflected in the changes in
the leaf relative electrical conductivity and GSH contents; however,
whether this triphasic dose response is widespread needs to be further stud-
ied. Since various air pollutants, including Hg, Pb, O, formaldehyde, can
induce hormesis in plants (Agathokleous et al., 2019a; Pan et al., 2020;
Conte et al., 2021; Sun et al., 2021b), further studies designed to evaluate
hormetic responses to air pollutants are needed to feed ecological risk as-
sessments and enlighten critical levels setting.
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