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A B S T R A C T

Reactive oxygen species (ROS) are recognised as pivotal biogeochemical process drivers. However, the factors 
influencing ROS production in the rhizosphere and their role in pollutant transformation remain elusive. We 
investigated ROS with a focus on spatiotemporal variations in superoxide radicals (O2

•− ), hydrogen peroxide 
(H2O2), and hydroxyl radicals (•OH) in the rhizosphere of maize during root development, and elucidated the 
impact of environmental conditions on ROS production. In-situ visualisation by fluorescence imaging showed that 
ROS hotspots gradually shifted from seminal to lateral roots during maize growth, indicating that newly 
developed roots are the major contributors to ROS production. The three types of ROS contents changed with 
root growth, suggesting that root development regulates ROS production. The ROS contents reached a maximum 
at 25 ◦C and 45% maximum field capacity. Both ambient temperature and soil moisture indirectly influenced 
ROS production by regulating the release of root exudates to induce changes in water-soluble phenols and 
dissolved organic carbon (DOC). In contrast, ROS content gradually increased with oxygen availability, which 
directly mediated ROS generation by acting as a precursor. More interestingly, the presence of polycyclic aro
matic hydrocarbons (PAHs) significantly enhanced ROS generation, which further promoted PAH removal with a 
contribution of 31.4–43.3%. These findings provide new insights into the occurrence, distribution, and envi
ronmental effects of ROS in the rhizosphere.

1. Introduction

Reactive oxygen species (ROS), such as superoxide radicals (O2
•− ),

hydrogen peroxide (H2O2), and hydroxyl radicals (•OH), occur ubiqui
tously in various environmental media (Gligorovski et al., 2015; Hayyan 
et al., 2016; Guo et al., 2023), and contribute to carbon turnover, 
elemental cycling, pollutant transformation, and the regulation of 
physiological functions in organisms (Mopper and Zhou, 1990; Trusiak 
et al., 2018). ROS are typically produced by photolytic reactions 
involving organic photosensitisers such as natural organic matter (Yan 
et al., 2021), black carbon (Wang et al., 2023), and inorganic com
pounds such as iron minerals and nitrate (Trusiak et al., 2018; Zheng 
et al., 2023). In addition to the well-known photolytic production of 
ROS, several studies have established ROS generation via redox 

processes under dark ambient conditions, such as in aphotic freshwater 
(Vermilyea et al., 2010), deep oceans (Wu et al., 2015; Roe et al., 2016), 
and subsurfaces (Page et al., 2013; Trusiak et al., 2018; Zhang et al., 
2020). Recently, the soil rhizosphere has become a new “hotspot” for 
ROS generation. ROS generation was found in the rhizosphere of rice 
due to interaction between microbial respiration interaction, which 
discharged extracellular electrons, and dioxygen released by the roots 
(Dai et al., 2022). Our recent research also reported that combined biotic 
and abiotic processes, including microbial community-driven extracel
lular superoxide radical (O2

•− ) release, Fe(II)/Fe(III) cycling, and Fe(II) 
and water-soluble phenol-mediated electron transfer, induced ROS 
production in the rhizosphere of ryegrass (Liu et al., 2022a). Therefore, 
it is reasonable to speculate that ROS hotspots are ubiquitous in the 
rhizospheres of both aquatic and terrestrial plants. To promote scientific 
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237.91, 0.49, 6.87 and 5.46 mg kg− 1, respectively.

2.2. Microcosm experiment

The spatial evolution of ROS during root development was charac
terised in situ using ROS-trapping technology. Specifically, maize (Zea 
mays L.) was cultivated in a rhizobox (length × width × depth, 100 × 50 
× 150 mm; Fig. S1), which was placed at an angle of approximately 45o 

to ensure that the roots clung to the inner wall because of gravitational 
force. Considering spatial constraints in the experimental setup, it was 
not feasible to implement in-situ visualisation of ROS throughout the life 
cycle of maize. After cultivating for predetermined intervals (1, 5, 9, 13, 
17 and 35 d), ROS characterisation was performed using a 2′,7′- 
dichlorodihydrofluorescein diacetate (DCFH-DA) substrate, which can 
react with ROS, generating 2′,7′-dichlorofluorescein (DCF) with fluo
rescent characteristics (Lebel et al., 1992). Briefly, DCFH-DA was dis
solved in phosphate-buffered saline (10 mM, pH 7.0) at a concentration 
of 2 μM. Subsequently, the substrate with water was sprayed onto the 
soil surface attached to the inner wall. After incubating the soil saturated 
with DCFH-DA in the dark for 1 h, it was placed under a multispectral 
dynamic fluorescence microscopic imaging system (PlantView100; 
Guangzhou Boluteng Instrument Co., Ltd., China) to capture optimal 
fluorescence images (Fig. S2). The PlantView100 specific operating 
parameters were a sample length of 155 mm, sample height of 5 mm, 
exposure time of 0.1 s; excitation wavelength of 480 nm, emission 
wavelength of 520 nm, and lamp source of 90%. To investigate the 
changes in ROS hotspots, we defined ROS hotspots with reference to the 
enzymatic activity hotspots (Razavi et al., 2016). Specifically, DCF 
fluorescence was transferred into 16-bit greyscale using ImageJ, with 
correction for environmental variations and camera noise. The calibra
tion equation obtained for ROS was used to convert the fluorescence 
pixel grey values into the ROS content. ROS content exceeding 25% of 
the mean corresponding content of the entire soil was defined as a 
hotspot.

2.3. Batch experiments

2.3.1. Evolution of rhizosphere ROS with maize growth
Variations in ROS, including O2

•− , H2O2, and •OH, with maize growth 
were explored to clarify the effect of root development on ROS gener
ation at a temporal scale using a pot experiment. Briefly, soil (500 g) was 
placed in plastic pots (length × width × depth: 30 × 20 × 15 cm). 
Subsequently, two evenly-sized maize seeds were sown in the pots after 
sterilisation with 3% H2O2. After germination, the seedlings were thin
ned to one plant per pot and pre-incubated for 7 d to promote root 
growth. Finally, the maize was placed in a natural greenhouse at 
Northwest A&F University. To maintain soil moisture at approximately 
60% of the maximum field capacity, deionised water was periodically 
added throughout the 90 d cultivation period. At specific intervals (0, 1, 
2, 3, 4, 5, 6, 9, 12, 15, 18, 24, 30, 36, 45, 54, 63, 72, 81, and 90 d), a 
batch incubation experiment (five replicates × 20 sampling times = 100 
pots total) was conducted. The soil adhering to the roots after shaking 
was considered as rhizosphere soil (Courchesne and Gobran, 1997), 
which was obtained by scraping off the attached soil. Non-rhizosphere 
soil was used as a control. The soil samples obtained were immedi
ately used for analysis of ROS content and physicochemical properties.

2.3.2. Generation of rhizosphere ROS under different environmental 
conditions

Rhizosphere ROS content was quantitatively determined using 
chemical probes during maize growth at different temperatures. Maize 
seeds were germinated on filter paper under dark conditions for 3 d. One 
seedling was then transplanted into a plastic pot containing 500 g of soil. 
Subsequently, the pots were placed in a climate chamber under a 
controlled culturing temperature of 15 ± 1, 20 ± 1, 25 ± 1, 30 ± 1 and 
35 ± 1 ◦C and a daily light period of 16 h with an illumination intensity 

progress in understanding soil biogeochemical processes, it is important 
to gain information on ROS generation, distribution, and environmental 
impacts in the rhizosphere.

The rhizosphere is a complex interface with intensive biogeochem-
ical processes induced by the roots (Kuzyakov and Razavi, 2019). 
Compared with bulk soil, the rhizosphere is characterised by unique pH 
values, higher amounts of organic substances, enzymatic activity, and 
microbial abundance (Gunina and Kuzyakov, 2015; Liu et al., 2020, 
2022b). These characteristics are influenced by intrinsic plant growth 
factors such as root development (primary, secondary, and tertiary 
roots), which alters the zonation and constituents of exudates being 
released. For example, sucrose is predominantly exuded from the apical 
region of the primary root, whereas efflux of the amino acid tryptophan 
is linked to branch roots (Jaeger et al., 1999). On the other hand, 
rhizosphere characteristics are influenced by external abiotic factors 
such as temperature, soil moisture, and oxygen availability. For 
example, elevated soil temperatures can stimulate microbial activity and 
boost the membrane permeability of root cells, thereby enhancing 
enzymatic activity and expediting exudate release (Razavi et al., 2016). 
ROS production is closely related to physicochemical and biological 
rhizosphere properties (Liu et al., 2022a). However, limited studies have 
been conducted to explain how rhizosphere properties, which are 
influenced by root development and environmental conditions, affect 
ROS generation. This knowledge gap hinders a comprehensive assess-
ment of the environmental implications of rhizosphere ROS under nat-
ural conditions.

ROS play critical roles in mediating organic pollutant redox trans-
formations owing to their high reactivity (Manning et al., 2005; Guo 
et al., 2022). Particularly, hydroxyl radicals (•OH, standard reduction 
potential: 2.8 V (Wardman, 1989)) is the most powerful oxidant in 
natural systems, which can unselectively oxidise most organic substrates 
(Tong et al., 2016; Yu and Kuzyakov, 2021). For example, •OH produced 
by the oxygenation of anoxic paddy slurries efficiently degrades poly-
cyclic aromatic hydrocarbons (PAHs) through hydroxylation and ring 
opening (Chen et al., 2021). Therefore, in the rhizosphere, the reaction 
of organic pollutants with ROS represents a new mechanism for 
contaminated soil phytoremediation. However, the contribution of ROS 
to rhizosphere pollutant transformation remains unclear, and the asso-
ciated remediation mechanisms are gaps in the current understanding.

In the current study, maize, a plant extensively used for PAH reme-
diation (Yoshitomi and Shann, 2001; Khan et al., 2014), was used to 
examine potential ROS generation in the rhizosphere. The primary ob-
jectives were (i) to probe the spatiotemporal variation of ROS (O2

•−  , 
H2O2, and •OH) during root development; (ii) to elucidate the effects of 
environmental conditions (soil moisture, temperature, and oxygen 
availability) on rhizosphere ROS production and its corresponding 
mechanisms, and (iii) to assess the contribution of rhizosphere ROS to 
the transformation of various PAH molecules (naphthalene - NAP, 
anthracene - ANT, and phenanthrene - PHE).

2. Materials and methods

2.1. Chemicals and soil samples

Detailed information regarding the chemicals used in this study can 
be found in Supporting Information SI1. The Lou soil (Eum-Orthic 
Anthrosol, USDA) was collected from the upper layer (0−  20 cm) of the 
cultivated fields located in Shaanxi Province (34◦17′ N, 108◦01′ E) in 
China. The soil samples were dried naturally at room temperature and 
subsequently sieved through a 2 mm mesh prior to analyses and batch 
experiments. The soil physicochemical properties were analysed as 
described in our previous study (Liu et al., 2022a). The analysis methods 
are described in SI2. The pH, cation exchange capacity and organic 
carbon were 8.67, 37.73 cmol kg−  1 and 9.58 g kg−  1, respectively. The 
soil clay, silt, and sand contents were 12.79, 55.43, and 31.78%, 
respectively. The soil Fe, Mn, Cu, Zn and Ni contents were 16347.42, 



•OH to generate 4-hydroxybenzoic acid (Zhang and Yuan, 2017).
Detailed procedures for determining O2

•− , H2O2, and •OH are provided in
SI6.

2.5. Measurement of rhizosphere soil physicochemical and biological 
properties

The contents of water-soluble phenols, Fe(II), and dissolved organic 
carbon (DOC) in the rhizosphere soil were analysed, and detailed pro
cedures are provided in SI7–SI9. The maize root exudates incubated for 
different intervals (0, 9, 24, 54, 72, and 90 d) and cultivated under 
different environmental conditions were measured; the specific pro
cedures are presented in SI10. In addition, enzymatic activity related to 
microbial activity (urease and dehydrogenase) and ROS-related en
zymes, such as catalase, were determined (SI11). The rhizosphere soils 
under different environmental conditions were collected to analyze 
bacterial 16S rDNA genes by amplicon sequencing (SI12).

2.6. Statistical analysis

Data are expressed as mean ± standard deviation of five replicates. 
Significant differences in testing indices among the different groups 
were evaluated using one-way analysis of variance, followed by the LSD 
test. Correlation analysis was performed using Origin 2022 to explore 
the pivotal factors related to ROS production. Subsequently, structural 
equation modelling (SEM) was applied to elucidate the potential path
ways for ROS production using Amos software (version 20.0; IBM Cor
poration Software Group, Somers, NY, USA).

3. Results

3.1. ROS evolution with root development

Higher fluorescence intensity was observed at the root–soil interface 
(Fig. 1), suggesting ROS generation in the maize rhizosphere. In addi
tion, the proportion of ROS hotspots in the root zone profile initially 
increased and then decreased with maize growth, reaching a maximum 
of 17.3% on day 17. Interestingly, the ROS hotspots were mostly in the 
seminal roots at the early stage of cultivation, however, ROS exhibited 
stronger fluorescence intensity in the lateral roots during incubation.

To gain a deeper understanding of ROS formation in the rhizosphere, 
the contents of the three representative ROS (O2

•− , H2O2 and •OH) 
during root growth were quantified. Three types of ROS were detected in 
the non-rhizosphere soils, however, the changes in their concentrations 
with maize growth were not obvious (Fig. S5). Comparatively, the ROS 
content in the rhizosphere soils was 3–15 times higher than that in the 
non-rhizosphere soils, displaying noticeable variations during maize 
growth. Specifically, the O2

•− content gradually increased during the 
initial 24 d of incubation (Fig. S5a). Subsequently, the O2

•− concentra
tion gradually declined and returned to its initial level after 90 d of 
cultivation. Similarly, the H2O2 content followed a trend comparable to 
that of O2

•− , reaching a peak on day 24 of cultivation (Fig. S5b). In 
contrast to O2

•− and H2O2, the •OH content reached its maximum after 
pre-incubation and then gradually decreased with maize growth 
(Fig. S5c).

3.2. Changes of rhizosphere ROS under different environmental 
conditions

The influence of culture temperature on the ROS content in the 
rhizosphere was pronounced (Fig. 2). Specifically, the O2

•− content first 
increased and then decreased with an increase in culture temperature, 
reaching a maximum of 23.17 μM kg− 1 at 25 ◦C (Fig. 2a). Similarly, the 
H2O2 and •OH contents also displayed a comparable pattern with that of 
O2
•− , reaching a maximum of 19.24 and 9.13 μM kg− 1 at 25 ◦C, 

respectively (Fig. 2b–c). In terms of biomass, there was no difference in 
root length under different temperature conditions, ranging from 19.3 to 
20.9 cm (Fig. S9a). In contrast, the stem length of maize varied under 
different temperature conditions (Fig. S9b). Briefly, the stem length first 
increased and then decreased with temperature, reaching a maximum of 
65.1 cm at 25 ◦C.

Except for the soil sample with moisture at 90% of the maximum 
field capacity that inhibited root length (Fig. S10a), negligible effects on 
maize root length were observed under other soil moisture conditions. In 
contrast, the difference in soil moisture induced a change in maize stem 
length (Fig. S10b). When the soil moisture increased from 15 to 45%, the 
stem length reached a maximum of 66.7 cm, and then decreased. The 
O2
•− content first increased and then decreased with increasing soil 

moisture, reaching a maximum at 45% (Fig. 2d). The H2O2 and •OH 
contents also displayed a pattern similar to that of O2

•− , attaining a 
maximum at 45% (Fig. 2e–f).

A prominent difference in rhizosphere ROS content was observed at 
different DCo (Fig. 2g–i). Specifically, the O2

•− content gradually 
increased with the increase in DCo, reaching a maximum at 8.97 m2 106 

of 10000 lx. Distilled water was periodically added during maize growth 
to maintain soil moisture at approximately 60% of the maximum field 
capacity. As the concentrations of O2

•−  and H2O2 reached their highest 
and stable levels at 24 d, as observed in the pre-experiment, the batch 
incubation experiment was sacrificed after 24 d of cultivation. Subse-
quent procedures were consistent with those described in the pot ex-
periments. The influence of soil moisture on rhizosphere ROS generation 
was investigated by following the same steps described above except the 
soil water content was maintained at 15, 30, 45, 60, 75 and 90% of the 
maximum field capacity through periodic irrigation, and the cultivation 
temperature was controlled at 20 ± 1 ◦C.

The effects of oxygen availability on rhizosphere ROS generation 
were investigated using a rhizobox. Briefly, different soil weights were 
used to fill a rhizobox (length × width × depth, 100 × 50 × 150 mm) 
with a volume of 750 cm3 to achieve different diffusivity coefficients of 
oxygen (DCo) in the rhizosphere, according to the protocol of Nakhaie 
et al. (2020). The specific method is provided in SI3, and the soil weight 
and oxygen availability settings are listed in Table S1. Subsequently, one 
maize seedling was transplanted into a rhizobox, and the samples were 
placed in a climate chamber with a controlled temperature of 20 ± 1 ◦C. 
During maize growth, the soil moisture content was maintained at 20% 
through periodic watering. The remaining procedures were similar to 
those described above.

2.3.3. Transformation of PAHs in the rhizosphere
A detailed method for the preparation of PAH-contaminated soils is 

provided in SI4. The influence of rhizosphere ROS on PAH trans-
formation was investigated following the same steps described above in 
the context of temperature effects. At preselected intervals (7, 14, 21, 
and 28 d), a batch incubation experiment was sacrificed, and the 
rhizosphere soil was collected for ROS and PAH determination. The 
extraction and measurement methods for PAHs are described in SI5. 
Moreover, to further explore the role of ROS in PAH transformation, 
coumarin (0.12 mg g−  1) and p-benzoquinone (0.16 mg g−  1) were added 
to PAH-contaminated soil before planting maize (Jia et al., 2015). This 
dosage of scavengers had a notable inhibitory effect on ROS (Fig. S3) 
while exerting a negligible impact on plant growth (Fig. S4). After in-
cubation for 28 d, the rhizosphere soils were collected, and PAH residual 
concentrations were determined using high-performance liquid chro-
matography (Thermo Fisher Scientific U3000).

2.4. ROS quantitation

Different chemical probes were used to quantitatively determine the 
ROS content. Briefly, the O2

•−  content was determined using 2,3-bis(2- 
methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide (XTT), 
which reacts with O2

•−  to produce XTT formazan (Fu et al., 2016). H2O2 
content was detected using a hydrogen peroxide assay kit. Benzoic acid 
was used to measure the content of •OH according to its reaction with 



s− 1 (Fig. 2g). The H2O2 and •OH contents also showed a comparable 
trend with O2

•− , attaining a maximum at 8.97 m2 106 s− 1 (Fig. 2h–i). 
Compared to temperature and soil moisture, both root and stem lengths 
were influenced by oxygen availability (Fig. S11).

3.3. Evolution of root exudates, enzymatic activity, bacterial abundance 
and redox components

The types of compounds in the root exudates were essentially 
equivalent, however, the total abundance of the compounds first 
increased and then decreased with incubation (Fig. S6a). Moreover, the 
urease, dehydrogenase, and catalase activity in the rhizosphere soils 
displayed a similar trend to that in the root exudates (Figs. S6b–d). 
Briefly, urease and dehydrogenase activity, commonly indicative of 
microbial activity (Pascual et al., 1998), exhibited a rapid increase over 
time, reaching a peak at 24 d, and then gradually returning to the initial 
level as incubation progressed (Figs. S6b–c). Catalase activity, associ
ated with ROS generation and decay in soil (Shi et al., 2021), also dis
played a similar time-dependent pattern as those of urease and 
dehydrogenase, attaining a peak of 2.48 mg H2O2 g− 1 20 min− 1 at 15 
d (Fig. S6d). Moreover, water-soluble phenols, a component of root 
exudates, also increased during the first 24 d of incubation and then 
decreased thereafter (Fig. S7c). However, the Fe(II) and DOC concen
trations exhibited different trends (Figs. S7a–b). The Fe(II) content 
decreased before day 24, reaching an equilibrium of approximately 
10.14 mg kg− 1 (Fig. S7a). A comparable pattern was also found for the 
variation in the DOC content (Fig. S7b).

There was no obvious difference in Fe(II) content under different 
temperatures (Fig. S12a), maintaining a constant level of 30.57–32.78 
mg kg− 1. Comparatively, the temperature had an obvious influence on 
the DOC content (Fig. S12b). Briefly, the DOC content first increased and 
then decreased with temperature, reaching a maximum of 58.67 mg 
kg− 1 at 25 ◦C. Simultaneously, the water-soluble phenol content dis
played a similar pattern to that of DOC, attaining a maximum of 16.98 
μg g− 1 at 25 ◦C (Fig. S12c). The catalase activity also changed signifi
cantly with temperature (Fig. S12d), reaching a maximum at 25 ◦C. 
Compared with catalase activity, urease activity gradually increased 
with increasing temperature, with the highest activity 3.51 mg NH4–N 
g− 1 24 h− 1 at 35 ◦C (Fig. S12e). Additionally, the root exudate content 
first increased and then decreased with increasing temperature, reach
ing a maximum at 25 ◦C (Fig. S12f). Furthermore, soil bacterial 16S 

rDNA gene sequencing results revealed that Actinobacteria, Proteobac
teria, Acidobacteria, Actinobacteria, Chloroflexi, and Bacteroidota, 
were the dominant bacterial phyla in rhizosphere soil incubated at 
various temperatures (Fig. S13), and the relative abundance of dominant 
bacterial phyla increased with temperature.

At different soil moisture conditions, the Fe(II) content increased 
with increasing soil moisture, reaching a maximum at 90% (Fig. S14a). 
Comparatively, the DOC and water-soluble phenol contents first 
increased and then decreased with soil moisture, reaching a maximum at 
45% (Figs. S14b–c). Moreover, both catalase and urease activity first 
increased and then decreased with soil moisture, reaching their maxima 
at 45 and 60%, respectively (Figs. S14d–e). In addition, root exudate 
content increased and then decreased with increasing soil moisture, 
reaching a maximum at 45%, particularly for organic acids (Fig. S14f). 
In contrast, the influence of soil moisture on dominant bacterial phyla 
abundance was negligible (Fig. S15).

The different oxygen availabilities exhibited no significant differ
ences in the DOC levels (Fig. S16b), water-soluble phenols (Fig. S16c), 
root exudates (Fig. S16f), and bacterial abundance (Fig. S17). Specif
ically, the DOC and water-soluble phenol contents under different DCo 
remained at a constant level, ranging from 50.21 to 51.47 mg kg− 1 and 
12.52–13.43 μg g− 1, respectively (Figs. S16b–c). The relative abundance 
of dominant bacterial phyla also remained in the range of 78.1–79.9% 
under different DCo levels (Fig. S17). Moreover, the changing trends in 
the Fe(II) content and urease activity differred from those of the ROS 
(Figs. S16a and S16e). Briefly, the Fe(II) content decreased with the 
increase in DCo, reaching a minimum when the DCo was 8.97 m2 106 s− 1 

(Fig. S16a), whereas urease activity first increased and then decreased 
with DCo, reaching a maximum at 4.81 m2 106 s− 1 (Fig. S16e).

3.4. Rhizosphere ROS changes in the presence of PAHs

Along with incubation (7–28 d), both O2
•− and H2O2 contents in PAH- 

contaminated rhizosphere soils gradually increased, whereas the •OH 
concentration slightly decreased, exhibiting a trend similar to that of 
rhizosphere soil without PAHs (Fig. 4). Notably, all PAHs (NAP, PHE, 
and ANT) promoted ROS production at 14, 21, and 28 d, particularly 
ANT. For example, the O2

•− , H2O2, and •OH contents in rhizosphere soil 
without PAH addition were 4.58, 3.76 and 4.91 μM kg− 1, respectively, at 
14 d. In the presence of NAP, PHE, and ANT, the O2

•− , H2O2, and •OH 
contents in rhizosphere soils increased to 5.37, 4.18 and 5.09 μM kg− 1, 

Fig. 1. Accumulation of ROS in the rhizosphere of maize. The corresponding fluorescence imaging displayed the hotspot of ROS generation in the root-soil interface 
at different incubation times, and the red number in the bottom right corner of the picture represented the proportion of ROS hotspots.



5.63, 4.37 and 5.89 μM kg− 1, and 8.37, 7.58 and 7.88 μM kg− 1, 
respectively.

The residual percentages of NAP, PHE, and ANT in the rhizosphere 
soil decreased from 98.4, 98.9, and 99.4% to 83.1, 63.7, and 50.3%, 
respectively, after 28 d of maize growth (Fig. S19a), indicating that the 
maize rhizosphere plays a critical role in PAH transformation. To further 
determine the potential role of rhizosphere ROS in PAH transformation, 
scavengers were added to the PAH-contaminated soil before maize 
planting. The •OH and O2

•− contents decreased from 10.56 to 6.65 μM 
kg− 1 to 2.45 and 0.91 μM kg− 1, respectively, with the addition of p- 
benzoquinone and coumarin (Fig. S3), indicating scavengers could 
significantly quench •OH and O2

•− . Moreover, with the addition of p- 
benzoquinone, the residual percentages of NAP, PHE, and ANT 
increased to 90.1, 76.3, and 71.8%, respectively, after 28 d (Fig. S19b). 
Similarly, coumarin significantly inhibited NAP, PHE, and ANT removal.

4. Discussion

4.1. Root development effects on rhizosphere ROS generation

Although fixed imaging time and disregarding the time-lapse 
approach may result in bias in fluorescence imaging (Zhao et al., 
2022), the development of rhizosphere ROS could be effectively 
captured after 1 h incubation (Fig. S2). Fluorescence imaging demon
strated that the maize rhizosphere is a hotspot for ROS production 
(Fig. 1). Furthermore, with elapsed culture time, the lateral roots, 
including secondary and tertiary roots, exhibited stronger fluorescence 
intensity than the seminal roots indicating that higher amounts of ROS 
accumulated in newly developed roots. In other words, the ROS hotspot 
gradually shifted from seminal to lateral roots during incubation. In 
addition, the relatively high proportion of ROS hotspots on day 17 was 
attributed to the emergence of nodal roots, further demonstrating that 
root development influences ROS generation and that neonatal roots 
possess a stronger ability to produce ROS. The evolution of ROS distri
bution patterns may be related to variations in rhizosphere 

Fig. 2. Effects of different temperatures on the content of (a) O2
•− , (b) H2O2, and (c) •OH in the rhizosphere of maize; Effects of different humidities on the content of 

(d) O2
•− , (e) H2O2, and (f) •OH in the rhizosphere of maize; Effects of different oxygen availability on the content of (g) O2

•− , (h) H2O2, and (i) •OH in the rhizosphere
of maize. DCo is the diffusivity coefficients of oxygen. The values are presented as the mean ± SD (n = 5), and the error bars represent the standard deviation.
Different letters above columns indicate significant differences at p < 0.05 level among treatments.



component production (DOC and water-soluble phenols, Figs. S12b–c). 
As redox-metastable compounds, both could promote the transfer of 
electrons to oxygen, enhancing O2

•− production (Tong et al., 2016). The 
O2
•− generated was readily transformed into H2O2 and •OH via dis

mutation (Sinsabaugh, 2010) and Fenton reactions (Diaz et al., 2013; 
Georgiou et al., 2015), respectively.

Similarly, soil moisture directly influences plant growth, such as 
biomass and root exudates (Wang et al., 2019), which correlates with 
rhizosphere physicochemical and biological characteristics (Tiziani 
et al., 2020a, 2020b), thereby affecting ROS production. Similar to the 
temperature, the contents of the three types of ROS first increased and 
then decreased with soil moisture, reaching a maximum at 45% 
(Fig. 2d–f). Moreover, maize biomass exhibited a trend similar to that of 
ROS, particularly stem length (Fig. S10). As described above, plant 
biomass significantly influences rhizosphere biogeochemical properties, 
and evolution of the amount of DOC, water-soluble phenol content, and 
root exudate quantity exhibited a similar trend to that of ROS, indicating 
that soil moisture may also affect rhizosphere ROS generation by regu
lating these factors.

Differing from temperature and soil moisture, the contents of the 
three types of ROS gradually increased with the increase in oxygen 
availability and reached a maximum at 8.97 m2 106 s− 1 (Fig. 2g–i). In 
addition, root and stem lengths attained their maximum when DCo was 
4.81 m2 106 s− 1 (Fig. S11), which differed from the ROS variation trend, 
indicating that oxygen availability may mediate ROS production 
through other processes that vary with soil temperature and soil mois
ture. Moreover, different oxygen availabilities exhibited no obvious 
differences in the content of root exudates, DOC, water-soluble phenols, 
and bacterial abundance. These results indicate that the effect of oxygen 
availability on factors related to ROS production was negligible, and 
oxygen is more likely to act as a precursor for ROS generation, directly 
promoting ROS generation (Dai et al., 2022).

As discussed above, environmental conditions not only influenced 
rhizosphere ROS production but also the chemical and biological 
properties. Therefore, correlation analysis was performed to explore the 
pivotal factors regulating ROS production. The three types of ROS under 
different temperatures and humidities were significantly correlated with 
the quantities of root exudates, water-soluble phenols, and DOC 
(Figs. S18a–b), whereas there was no significant relationship with other 
factors (Fe(II), urease, and bacterial abundance), further indicating that 
temperature and soil moisture may mediate rhizosphere ROS generation 
by regulating the changes in root exudate types and amounts, water- 
soluble phenol concentrations, and DOC content (Liu et al., 2017; 
Bonke et al., 2021). SEM analysis was conducted to clarify the potential 
pathways involved in ROS generation in the rhizosphere under various 
environmental conditions. For rhizosphere ROS generation at different 
temperatures, SEM explained 91.0, 95.0 and 94.0% of the variance in 
O2
•− , H2O2, and •OH generation, respectively, providing a superb fit 

using the χ2, RMSE and AIC metrics (Fig. 3a). Similarly, SEM explained 
93.0, 94.0, and 92.0% of the variability in O2

•− , H2O2, and •OH gener
ation, respectively, under different soil moisture conditions (Fig. 3b). 
These results suggest that temperature and soil moisture can regulate the 
distribution, composition, and quantity of root exudates, which may 
affect DOC and water-soluble phenol production, thereby indirectly 
regulating ROS generation (Bonke et al., 2021). In contrast, under 
different oxygen availability conditions, ROS production was not 
correlated with the amount of root exudate, water-soluble phenol con
centration, or DOC content, but was positively related to oxygen avail
ability (Fig. 3c), indicating that oxygen directly participates in ROS 
generation by acting as a precursor (Dai et al., 2022).

4.3. Role of rhizosphere ROS in PAH transformation

The presence of PAHs was accompanied by an increase in rhizo
sphere ROS, and the promoting effects were PAH molecule-dependent, 
that is ANT > PHE > NAP (Fig. 4). Previous studies have shown that 

characteristics, which are strongly influenced by root development 
(Fontaine et al., 2007; Blagodatskaya et al., 2009). Compared to seminal 
roots, lateral roots are generally shorter and smaller during root growth, 
resulting in different secretory functions (Philippot et al., 2013; Schmidt 
and Eickhorst, 2014). This can alter root exudate contents and constit-
uents, which play critical roles in stimulating, selecting, and enriching 
the functional groups of microorganisms, and thus microbial diversity 
differs over the course of root development (Remenant et al., 2009; 
Philippot et al., 2013; Tiziani et al., 2020a, 2020b). Similarly, enzymatic 
activity is influenced by the microbial species and root type (Grierson 
and Adams, 2000), and enzymatic activity in the rhizosphere may vary 
owing to root development and interactions with microorganisms. These 
differences may alter the production, accumulation, and fate of ROS in 
the rhizosphere.

ROS concentrations, including O2
•−  , H2O2 and •OH, significantly 

changed with root growth (Fig. S5), indicating that root development 
controls rhizosphere ROS generation. To further investigate how root 
development regulates rhizosphere ROS production, root exudate evo-
lution, enzymatic activity, and redox components in rhizosphere soil 
during maize growth were studied and found to be strongly correlated 
with ROS generation (Page et al., 2014; Zhang et al., 2016a, 2016b). The 
root exudate quantity, water-soluble phenol content, and enzymatic 
activity first increased and then decreased with root growth (Figs. S6 
and S7c), consistent with the O2

•−  and H2O2 content trends. Along with 
cultivation, maize growth was expedited and produced a large amount 
of root exudates (Fig. S6a), which may have promoted the increase in 
water-soluble phenol content (Fig. S7c). As previously reported, 
water-soluble phenols may directly induce O2 activation, thereby pro-
ducing O2

•−  (Bonke et al., 2021). Meanwhile, an increase in root exudate 
content may also enhance microbial activity (Chaparro et al., 2014; Li 
et al., 2014), which could promote enzymatic activity (urease, dehy-
drogenase, and catalase, Figs. S6b–d) and, in turn, promote biological 
O2
•−  production (Op De Beeck et al., 2018). The O2

•−  generated is 
metastable and is converted into H2O2 via dismutation and hydrolysis 
(Zhang et al., 2016a). Therefore, these plant growth-mediated factors 
jointly regulate changes in O2

•−  and H2O2 content. Notably, the changes 
in the Fe(II) and DOC concentrations aligned with those of the •OH 
content (Fig. S5c), suggesting that Fe(II) and DOC may mediate •OH 
production. Correlation analysis revealed a positive correlation between 
the Fe(II) and DOC contents and •OH production (Fig. S8). In contrast, 
O2
•−  and H2O2 generation was significantly correlated with the root 

exudate and water-soluble phenol contents, and enzymatic activity 
(Fig. S8). These results further confirm that root development may 
regulate ROS generation by mediating various factors.

4.2. Environmental condition effects on rhizosphere ROS generation

The O2
•−  , H2O2 and •OH contents first increased and then decreased 

with temperature, reaching a maximum at 25 ◦C (Fig. 2a–c). Likewise, 
maize biomass, particularly stem length, exhibited a trend similar to that 
of rhizosphere ROS. Previous studies have reported that plant biomass 
significantly influences biogeochemical processes in the rhizosphere. 
Sun et al. (2012) found that plant aboveground biomass had an obvious 
effect on the rhizosphere microbial abundance. In addition, plant 
photosynthesis and transpiration processes significantly influence the 
release of root exudates and soil moisture dynamics (Manzoni and Katul, 
2014; Tiziani et al., 2020a). Therefore, the effect of temperature on ROS 
production may be mediated by alterations in the physicochemical and 
biological properties of the rhizosphere. Specifically, the changes in 
DOC amount, water-soluble phenol concentration, and root exudate 
content were consistent with the trend in ROS content (Fig. S12), indi-
cating that temperature may affect rhizosphere ROS generation by 
regulating these factors. Briefly, both low and high temperatures can 
exert negative effects on maize growth, with 25 ◦C being the most 
favourable temperature for growth (Fig. S9). Under these conditions, the 
root exudate content reached a maximum, which promoted redox 



maize can promote the removal of organic pollutants such as PAHs 
(Yoshitomi and Shann, 2001; Khan et al., 2014). As expected, the PAH 
residual concentration in the rhizosphere soil decreased with maize 
growth (Fig. S19a), indicating that the rhizosphere played a critical role 
in PAH transformation. PAH attenuation in rhizosphere soil is a complex 
process that involves microbial degradation, plant absorption, forma
tion of non-extractable residues, and abiotic transformation of PAHs 
mediated by ROS (Harvey et al., 2002; Rivas, 2006; Liu et al., 2023). The 
attenuation of PAHs was dependent on their molecular characteristics 
(Fig. S19a), followed by ANT > PHE > NAP. The attenuation efficiency 
of PAHs exhibited a trend similar to that of ROS generation, indirectly 
indicating that rhizosphere ROS may play an important role in PAH 
attenuation. Comparing the differences in PAH residual concentrations 
before and after the addition of p-benzoquinone and coumarin, it was 
concluded that ROS plays a pivotal role in PAH attenuation in the 
rhizosphere, with contributions ranging from 31.4 to 43.3%. PAH 
removal by phytoremediation is generally considered to be associated 
with biological processes such as microbial degradation, enzymatic 
transformation, plant accumulation, and plant volatilisation (Lacalle 
et al., 2018; Hoang et al., 2021). Our results indicate that rhizosphere 
ROS-mediated abiotic processes play an important but previously un
known role in PAH removal. The pathway for rhizosphere 
ROS-mediated PAH transformation and the associated mechanisms and 
strengthening methods are currently unknown. Further investigation at 
the molecular biology level is required to enhance the potential and 
application of PAH phytoremediation from the perspective of ROS.

4.4. Environmental implications

To date, ROS production has only been observed in the rhizosphere 
of rice (Dai et al., 2022) and ryegrass (Liu et al., 2022a). The current 

study is the first to confirm abundant ROS generation in the maize 
rhizosphere, which further broadens rhizosphere ROS generation in 
other plants and indicates that ROS are ubiquitous in the rhizosphere of 
various plants, including aquatic and terrestrial plants. In addition, the 
discovery of abundant ROS accumulation in the lateral roots indicated 
that newly developed roots generally possess the ability to produce ROS 
and suggested that root structure, exudation release, and rhizodeposi
tion may also have an obvious influence on ROS generation, which re
quires more delicate methods and scientific experimental designs. 
Notably, the molecular biology pathway that mediates rhizosphere ROS 
production is unknown. Further investigations at the genetic and protein 
levels are required to identify the regulatory networks and key meta
bolic pathways involved in ROS production in the rhizosphere. The key 
role of rhizosphere ROS in PAH degradation also reveals a new route for 
promoting pollutant removal efficiency. The discovery of ROS distri
bution properties may help us remediate contaminants in specific sites. 
However, the rhizosphere ROS content changes regularly with temper
ature, soil moisture, and oxygen availability, which helps optimise 
environmental conditions for ROS production and thus PAH removal. 
These results have promising implications for ROS phytoremediation 
strategies. In addition, our study elucidated the significant effects of 
environmental conditions on ROS generation in the rhizosphere. 
Considering the impact of ambient temperature on the promotion of 
ROS generation and the involvement of ROS in mediating biogeo
chemical processes, such as organic matter mineralisation (Wu et al., 
2023), climate warming may stimulate rhizosphere ROS generation. 
This further leads to the production of greenhouse gases and thus ex
acerbates climate change.

Fig. 3. The effects of root exudates, water-soluble phenols and DOC on ROS production at different temperatures (a), humidities (b) and oxygen availiablities (c). 
Single-headed arrows indicate the hypothesized direction of causation. As in other linear models, R2 denotes the proportion of variance explained and appears below 
every response variable in the model. Model fitness details (χ2, p, RMSE, and AIC) are close to the figure. Orange and blue solid arrows indicate positive and negative 
correlation, respectively. Grey arrows indicate insignificant correlation (p > 0.05). The arrow width is proportional to the strength of the relationship. The numbers 
adjacent to the arrows are the standardized path coefficients. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Fig. 4. The change of (a) O2
•− , (b) H2O2, and (c) •OH in the rhizosphere soil with the growth of maize under the addition of PAHs. The control is the treatment 

without the addition of PAHs. The NAP, PHE, and ANT are the treatments with the addition of 10 mg kg− 1 naphthalene, phenanthrene, and anthracene, respectively. 
The values are presented as the mean ± SD (n = 5), and the error bars represent the standard deviation. Different letters above columns indicate significant dif
ferences at p < 0.05 level among treatments.



5. Conclusion

The current study clearly demonstrated that newly developed roots
are pivotal contributors to ROS production. Ambient temperature and 
soil moisture indirectly influenced ROS production by regulating the 
release of root exudates to induce changes in water-soluble phenols and 
DOC, whereas oxygen availability directly mediated ROS generation by 
acting as a precursor. Furthermore, the presence of PAHs substantially 
enhances ROS production, which subsequently promotes PAH trans
formation. These findings deepen our understanding of rhizosphere ROS 
production under different roots and environmental conditions and 
provide new insights into the abiotic transformation of PAHs mediated 
by ROS.
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15 
Reagents and methods (SI1–SI12), Table S1, and Fig. S1−S19. 16 

17 
SI1 Naphthalene (NAP, 98%), anthracene (ANT, 98%), phenanthrene (PHE, 98%), benzoic acid (BA, 99%), p-18 
hydroxybenzoic acid (p-HBA, 98%), vanillic acid (98%) and 1,10-o-phenanthroline (98%) were all supplied by J&K 19 
Chemical Ltd. (Beijing, China). 2′,7′-dichlorohydro fluorescein diacetate (DCFH-DA, > 97%) was obtained from 20 
Aladdin Biochemical Technology Co., Ltd., Shanghai, China. 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-21 
tetrazolium-5-carboxanilide (XTT, 98%) was purchased from Sigma Co. Ltd. (Shanghai, China). Methanol (HPLC 22 
grade) and phosphoric acid (H3PO4, > 85%, AR) were obtained from Sinopharm Chemical Reagent Co., Ltd. 23 
(Shanghai, China). All chemicals were used without further purification. 24 

25 
SI2 The contents of clay, silt and sand were detected using laser particle size analyzer (Mastersizer 2000E). Organic 26 
carbon (OC) was measured using the H2SO4-K2Cr2O7 method. For metal contents, soil samples were completely 27 
digested by microwave using the Aqua Regia solution of 3/1 37%HCl/97%HNO3. Concentration of metal ions in 28 
digestion solutions was measured by an inductively coupled plasma atomic emission spectrometer (ICP-AES) from 29 
Thermo-ICAP6300, Waltham. For pH determination, a 1/5 w/v mixture of soil in Milli-Q water with soil and solution 30 
was placed into a shaker for 1 h, then settled before measuring pH. Cation exchange capacity (CEC) was obtained 31 
by adding 0.2 M NH4Cl to substitute exchangeable cations, such as K+, Na+, Ca2+, Mg2+, Al3+, into supernatant from 32 
the three consecutive washes, then were analyzed by ICP-AES. 33 

34 
SI3 The various oxygen availability of rhizosphere was set according to the protocol of Nakhaie et al. (2020) 35 
(Equation 1): 36 

DCo = 1/N2 × (Dao × Qp 
a  + KH × Dwo × Qp 

w) (1)  37 
where DCo is the effective diffusivity coefficient of oxygen, N is soil porosity, Dao is the free propagation 38 

coefficient of oxygen in the air (1.8 × 10−5 m2 s−1 at 20 °C), and Dwo is the free propagation coefficient of oxygen in 39 
the water (2.2 × 10−9 m2 s−1 at 20 °C). Qa and Qw is the proportion of soil pore space filled with air and water, 40 
respectively. KH is the Henry equilibrium constant (0.03 at 20 °C). Soil porosity N was calculated as Equation 2: 41 

N = 1- rb/ro (2) 42 
where rb is soil bulk density (g cm−3), and r0 is the soil density setted as 2.65 g cm−3. The proportion of soil pore 43 

space filled with water Qw was calculated as Equation 3: 44 

Qw = rb × w/N (3) 45 
where w is the soil moisture content. 46 



47 
SI4 50 g of soil samples were mixed with 25 mL of acetone solution containing 200 mg L−1 of PAHs (NAP, ANT, 48 
and PHE) in a 250 mL Erlenmeyer flask, and then were shaken for 48 h in a rotary shaker at 70 rpm to make the 49 
acetone were completely evaporated and achieve the homogeneity of contaminants. After that, 450 g of air-dried soil 50 
was added to the Erlenmeyer flask, and the mixture was mixed to realize the uniform distribution of PAHs in soils, 51 
making the initial concentration of PAHs was 10 mg kg−1. 52 

53 
SI5 The residual concentration of PAHs in soils was determined by the method used in our previous study (Jia et al., 54 
2018). Specifically, at pre-selected intervals, the rhizosphere soil was mixed thoroughly and a part of soils were 55 
freeze-dried by a model LGJ-10C freeze-dryer (Karaltay Instruments Co., Ltd., Beijing, China) for 24 h. Then, 1 mL 56 
solvent mixture of acetone and dichloromethane (v/v = 1/1) was added into 0.05 g (dry weight) soil sample. The 57 
suspension was ultrasonicated for 15 min to extract residue PAHs and then centrifuged for 5 min at 20,000 × g to 58 
separate the solid from solvents. To ensure the complete extraction of organic compounds from soil samples, the 59 
extracting procedure was repeated for three times. Supernatants were collected and filtered using a syringe equipped 60 
with a 0.45 µm membrane filter. Finally, the filtrate was placed in amber vial and analyzed for the concentration of 61 
PAHs using a high-performance liquid chromatography (HPLC, Thermo Fisher Scientific U3000) equipped with a 62 
25 cm × 4.6 mm, 5 µm Cosmosil C18 column. A sample volume of 10 µL was injected into the HPLC by an 63 
autosampler. HPLC conditions were: 85% methanol and 15 % ultrapure water as mobile phase; flow rate of 1 mL 64 
min-1; oven temperature 30 °C; UV wavelength of NAP, ANT and PHE at 275, 260 and 240 nm. 65 

66 
SI6 XTT was used to quantify O2

•− based on its reaction with O2
•− to produce XTT formazan (Fu et al., 2016). Briefly, 67 

0.05 g soil samples were mixed with 5 mL 0.05 mM XTT solution and shaken for 24 h under dark condition. 68 
Subsequently, the mixture was centrifuged for 5 min at 7000 ×g, and the obtained supernatants were collected and 69 
filtered using a syringe equipped with a 0.45 µm nylon organic membrane. Finally, the XTT formazan in the filtrate 70 
was determined by an Evolution 201 UV-Visible spectrophotometer (Thermo Scientific, USA) at 475 nm (ɛ = 23,800 71 
M−1 cm−1). 72 

H2O2 concentration was determined by hydrogen peroxide assay kit purchased from Solarbio Life Sciences Co., 73 
Ltd (Beijing, China). Briefly, 0.05 g soil samples were mixed with ultrapure water to achieve a suspension of 10 g/L. 74 
After that, the suspension was vortexed for 5 min and then centrifuged for 5 min at 7000 ×g. The obtained 75 
supernatants were collected and filtered using a syringe equipped with a 0.45 µm nylon water membrane. Finally, the 76 
filtrate was utilized for H2O2 analysis following the manufacturers’ protocol. 77 

Benzoic acid (BA), applied as a chemical probe to quantitatively detect •OH concentration, can react with •OH 78 
(kBA, •OH = 5.9 × 109 M−1S−1) and transformed to p-HBA (Zhang and Yuan, 2017). Specifically, 0.05 g soil samples 79 
were mixed with 5 mL 10 mM BA solution and shaken for 24 h under dark condition. Subsequently, the mixture was 80 
centrifuged for 5 min at 7000 ×g, and the obtained supernatants were collected and filtered using a syringe equipped 81 
with a 0.45 µm nylon organic membrane. Finally, the filtrate was placed in amber vial and analyzed for the 82 
concentration of p-HBA using a high performance liquid chromatography (HPLC-UV, Thermo Fisher Scientific 83 
Ulttimate-3000, USA) equipped with an ultraviolet (UV) detector and an Inter Sustain C18 column (4.6 × 250 mm2). 84 
A sample volume of 20 µL was injected into the HPLC by an autosampler. HPLC conditions were: 85% methanol 85 
and 15 % ultrapure water as mobile phase; flow rate of 1 mL min-1; oven temperature 30 °C; UV wavelength of p-86 
HBA at 255 nm; total run time was 10 min. 87 

88 

SI7 Fe(II) in the rhizosphere soil was determined by 1,10-o-phenanthroline analytical method (Byrne et al., 2015). 89 
Specifically, 0.05 g soil was immersed in 5 mL of 0.1 M HCL and rotated at 200 rpm for 2 h. After that, the mixture 90 
was centrifuged at 7000 × g for 10 min, and the supernatant was filtered through a 0.45µm filter membrane. Finally, 91 
the concentration of Fe(II) was determined by a 1,10-o-phenanthroline analytical method at 510 nm using an 92 



ultraviolet-visible (UV–vis) spectrophotometer (Evolution 201, Thermo). 93 
94 

SI8 The rhizosphere soil was mixed with deionized water at a ratio of 1: 10000 (w/v) and shaken for 24 h. After that, 95 
the mixture was centrifuged at 5000 × g for 10 min, and the supernatant was filtered through a 0.45µm filter 96 
membrane. Finally, the extract was determined by total organic carbon analyzer (TOC-L, Shimadzu, Japan). 97 

98 
SI9 Water-soluble phenols content was quantified colorimetrically using Folin–Ciocalteau reagent as described by 99 
Soleimani et al. (2013) Specifically, 0.05 g rhizosphere soils were extracted by shaking with 25 mL distilled water 100 
for 4 h at 100 rpm, followed by centrifugation for 15 min at 5000 rpm. A 10-mL aliquot of extract or standard was 101 
placed in a test tube, and 3 mL of Na2CO3 solution and 1 mL of Folin-Ciocalteau reagent were added. The solution 102 
was mixed well and stand for 1 h at room temperature, and the absorbance of the blue complex formed during this 103 
period was determined spectrometrically at 750 nm. Vanillic acid was used as standard, and the amount of phenolic 104 
compounds was expressed as vanillin acid equivalents (µg vanillic acid/g soil). 105 

106 
SI10 The root exudates of maize cultivated for different times (i.e., 0, 3, 9, 15, 21 and 33 d) and incubated at different 107 
environmental conditions (21 d) were measured according to the previous method proposed by Jiang et al. (2021) 108 
with some modification. Specifically, the maize was shaken carefully until the soils detached from roots. After that, 109 
the obtained maize was cultured in sterile water for 12 h. The water containing root exudates was freeze-dried to ∼10 110 
mL and filtered using a 0.22 µm nylon membrane. Then, the extracts were dried under N2 gas and then methoximated 111 
and trimethylsilylated. The exudates were analyzed by an GC−MS (GCMS-TQ8050 NX, Japan). The capillary 112 
column used was a DB-5MS (30 m × 0.25 mm i.d. × 0.25 µm film thickness). The GC injection temperature was 113 
50 °C ramped to 250 °C by 12 °C s−1, and the column temperature was first set at 50 °C for 1 min, then ramped at 114 
20 °C min−1 to 330 °C and finally held constant for 5 min. The mass spectrometer was used with unit mass resolution 115 
at 17 spectra s−1 from 80 to 500 Da at −70 eV ionization energy and 1800 V detector voltage with a 230 °C transfer 116 
line and a 250 °C ion source. 117 

118 
SI11 119 
Urease activity: urease activity was measured by the sodium phenate-sodium hypochlorite colorimetric method 120 
using urea as the substrate (Guan, 1986). 0.05 g soil samples were placed in a 50 mL Erlenmeyer flask containing 1 121 
mL of toluene, and the mixture was shaken on a mechanical shaker for 15 min. After that, 10% urea solution and 20 122 
mL citrate buffer solution (pH = 6.7) were added to the mixture. The mixture was shaken well and incubated in a 123 
37 °C incubator for 24 h. After incubation, the soil suspension was filtered using quantitative filter paper, and the 124 
obtained filtrate (1 mL) were transferred into 50 mL volumetric flask containing 4 mL of 1.35 M sodium phenol 125 
solution and 3 mL of 0.9% sodium hypochlorite solution. After reaction for 20 min, ultrapure water was added to the 126 
mark of the volumetric flask. Finally, the absorbance of the blue complex formed during this period was determined 127 
spectrometrically at 578 nm. Nitrogen standard solution was used as standard, and soil urease activity was expressed 128 
as mg NH4-N/g/24 h. 129 

130 
Dehydrogenase activity: Dehydrogenase activity was analyzed by measuring the reduction of triphenyl-tetrazolium 131 
chloride to triphenyl-formazan (Cheema et al., 2009). 0.05 g soil samples were incubated for 24 h at 37 oC in 5 mL 132 
of 2,3,5-triphenyltetrazolium chloride (TTC) solution. Two drops of concentrated H2SO4 were added immediately 133 
after the incubation to each sample in order to stop the reaction. The sample was then blended with 5 mL of toluene 134 
to extract the reaction product (i.e., TPF) and shaken for 30 min at 250 rpm, followed by centrifugation at 5000 rpm 135 
for 5 min and spectrophotometric analysis of absorbance at 492 nm. Soil dehydrogenase activity was expressed as 136 
mg TPF /g dry soil/24 h. 137 

138 



Catalase activity: Catalase was assayed as described by Aebi, whereby the activity was determined based on the 139 
degradation of H2O2 (Aebi, 1984). 0.05 g soil samples were placed in a 100 mL Erlenmeyer flask containing 40 mL 140 
distilled water and 5 mL of 0.3% H2O2. The mixture was shaken on a mechanical shaker for 20 min. After that, 1 mL 141 
saturated aluminum potassium alum solution was added to the mixture immediately. The soil suspension was filtered 142 
to a 50 mL Erlenmeyer flask containing 5 mL of 1.5 M H2SO4. After filtering, the absorbance of the filter was 143 
determined spectrometrically at 240 nm. 144 

145 
SI12 The 16S rDNA gene comprising V3 and V4 regions was amplified by PCR using the primers 341F (5'-146 
CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGGTATCTAATCC-3). Samples were sequenced on 147 
an Illumina MiSeq platform according to the manufacturer's recommendations, provided by Magigene (Shenzheng, 148 
China). 149 

150 
DNA Extraction: DNA from different samples was extracted using the E.Z.N.A.®Stool DNA Kit (D4015, Omega, 151 
Inc., USA) according to manufacturer’ sinstructions. The reagent which was designed to uncover DNA from trace 152 
amounts of sample has been shown to be effective for the preparation of DNA of most bacteria. Nuclear-free water 153 
was used for blank. The total DNA was eluted in 50 µL of Elution buffer and stored at -80 °C until measurement in 154 
the PCR by Magigene Technology Co., Ltd, Shenzheng, Zhejiang Province, China. 155 

156 

PCR Amplification and 16S rDNA Sequencing. The 5¢ ends of the primers were tagged with specific barcods per 157 
sample and sequencing universal primers. PCR amplification was performed in a total volume of 25 µL reaction 158 
mixtures containing 25 ng of template DNA, 12.5 µL PCR Premix, 2.5 µL of each primer, and PCR-grade water to 159 
adjust the volume. The PCR conditions to amplify the prokaryotic 16S fragments consisted of an initial denaturation 160 
at 98 °C for 30 seconds; 32cycles of denaturation at 98 °C for 10 seconds, annealing at 54 °C for 30 seconds, and 161 
extension at 72 °C for 45seconds; and then final extension at 72 °C for 10 minutes. The PCR products were confirmed 162 
with 2% agarose gel electrophoresis. Throughout the DNA extraction process, ultrapure water, instead of a sample 163 
solution, was used to exclude the possibility of false-positive PCR results as a negative control. The PCR products 164 
were purifyied by AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and quantified by Qubit 165 
(Invitrogen, USA). The amplicon pools were prepared for sequencing and the size and quantity of the amplicon 166 
library were assessed on Agilent 2100 Bioanalyzer (Agilent, USA) and with the Library Quantification Kit for 167 
Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. The libraries were sequenced on NovaSeq PE250 168 
platform. 169 

170 
Fig. S1. Rhizobox used for the construction of rhizosphere microenvironment.171 



172 

Fig. S2. The evolution of ROS fluorescence imaging with incubation time. After 1 h incubation, the ROS 173 
fluorescence intensity was strongest and could effectively show the shape of roots, indicating that 1 h is the optimal 174 
incubation time. 175 

176 

177 

Fig. S3. The quenching effects of p-benzoquinone and coumarin on O2
•- and •OH, respectively. 178 

179 

180 
Fig. S4. The influence of p-benzoquinone and coumarin on the growth of maize. The values are presented as the 181 
mean ± SD (n = 5), and the error bars represent the standard deviation. Different letters above columns indicate 182 
significant differences at p < 0.05 level among treatments.183 



184 
Fig. S5. Evolution of contents of O2

•− (a), H2O2 (b), and •OH (c) in the rhizosphere and non-rhizosphere soils with 185 
the growth of maize. The values are presented as the mean ± SD (n = 5), and the error bars represent the standard 186 
deviation. 187 

188 

189 

Fig. S6. The cumulative secretion level of compounds (a) and the activity of urease, dehydrogenase, and catalase 190 
with the incubation of maize (b-d). The values are presented as the mean ± SD (n = 5), and the error bars represent 191 
the standard deviation. 192 

193 

194 
Fig. S7. The evolution of Fe(II) (a), DOC (b) and water-soluble phenols (c) along with the incubation of maize. The 195 
values are presented as the mean ± SD (n = 5), and the error bars represent the standard deviation.196 



197 

Fig. S8. The correlation analysis among ROS, root exudates, Fe(II), DOC, water-soluble phenols, and enzymes 198 
activities. 199 

200 

201 

Fig. S9. Effects of different temperatures on (a) root length and (b) stem length of maize. The values are presented 202 
as the mean ± SD (n = 5), and the error bars represent the standard deviation. Different letters above columns indicate 203 
significant differences at p < 0.05 level among treatments. 204 

205 

206 
Fig. S10. Effects of different humidities on (a) root length and (b) stem length of maize. The values are presented as 207 
the mean ± SD (n = 5), and the error bars represent the standard deviation. Different letters above columns indicate 208 
significant differences at p < 0.05 level among treatments.209 



210 

Fig. S11. Effects of different oxygen availabilities on (a) root length and (b) stem length of maize. DCo is the 211 
diffusivity coefficients of oxygen. The values are presented as the mean ± SD (n = 5), and the error bars represent 212 
the standard deviation. Different letters above columns indicate significant differences at p < 0.05 level among 213 
treatments. 214 

215 

216 

Fig. S12. Effects of different temperatures on (a) Fe(II), (b) DOC, (c) water-soluble phenol, (d) catalase, (e) urease, 217 
and (f) root exudates in the rhizosphere of maize. The values are presented as the mean ± SD (n = 5), and the error 218 
bars represent the standard deviation. Different letters above columns indicate significant differences at p < 0.05 level 219 
among treatments.220 



221 
Fig. S13. Relative abundance of soil bacteria at the level of phylum. The relative abundance of bacterial phylum in 222 
rhizosphere soil at different temperatures. 223 

224 

225 

Fig. S14. Effects of different humidities on (a) Fe(II), (b) DOC, (c) water-soluble phenol, (d) catalase, (e) urease, and 226 
(f) root exudates in the rhizosphere of maize. The values are presented as the mean ± SD (n = 5), and the error bars227 
represent the standard deviation. Different letters above columns indicate significant differences at p < 0.05 level 228 
among treatments.229 



230 
Fig. S15. The relative abundance of bacterial phylum in rhizosphere soil at different humidities. 231 

232 

233 

Fig. S16. Effects of different oxygen availabilities on (a) Fe(II), (b) DOC, (c) water-soluble phenol, (d) catalase, (e) 234 
urease, and (f) root exudates in the rhizosphere of maize. DCo is the diffusivity coefficients of oxygen. The values 235 
are presented as the mean ± SD (n = 5), and the error bars represent the standard deviation. Different letters above 236 
columns indicate significant differences at p < 0.05 level among treatments.237 



238 
Fig. S17. The relative abundance of bacterial phylum in rhizosphere soil at different oxygen availabilities. DCo is the 239 
diffusivity coefficients of oxygen. 240 

241 

242 
243 

Fig. S18. The correlation analysis among ROS, Fe(II), DOC, water-soluble phenols, enzymes activities, root exudates, 244 
and bacterial abundance under different (a) temperatures, (b) humidities and (c) oxygen availabilities. 245 

246 

247 
Fig. S19. (a) Temporal evolutions of various PAHs residual percentage and (b) the effects of quenching agent on 248 
PAHs residual percentage in maize rhizosphere. The values are presented as the mean ± SD (n = 5), and the error 249 
bars represent the standard deviation. Different letters above columns indicate significant differences at p < 0.05 level 250 
among treatments.251 



Table S1. The specific settings in the effect of oxygen availability. 252 

Soil weight (g) rb (g cm−3) DCo (m2 106 s-1) 
960 1.28 1.47 
945 1.26 2.89 
922.5 1.23 4.81 
907.5 1.21 5.98 
862.5 1.15 8.97 
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