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Applications of the key plant nutrient nitrogen (N) increase the uptake and

accumulation of pollutants such as polycyclic aromatic hydrocarbons (PAHs).

However, it is unclear how a plant’s preference for a particular form of N in the

soil affects the uptake and accumulation of PAHs. In this study, we investigated

the physiological mechanisms involved in fluoranthene uptake by rice (Oryza

sativa L.) and wheat (Triticum aestivum L.) and examined how these

mechanisms were affected by different forms of N treatment under an

equivalent N supply. Both N form and plant species affected plant

fluoranthene uptake. Rice accumulated more fluoranthene than wheat

under an equivalent N supply, while the transfer coefficient of fluoranthene

in wheat was higher than that in rice. Fluoranthene accumulation in rice and

wheat was positively correlated with plant root morphology parameters, and

the transfer coefficient was positively correlated with transpiration. Of the

treatments examined, ammonium (NH4
+-N)-treated rice and nitrate (NO3

−-

N)-treated wheat accumulated the most fluoranthene at equivalent N supply.

Fluoranthene accumulation was positively correlated with plant growth, total

nitrogen N content, total protein content, and antioxidant enzyme activities.

Based on a partial least squares path model (PLS-PM) analysis, total plant N was

the main factor influencing fluoranthene uptake by rice and wheat treated with

different forms of N. Overall, ammonium-preferring rice and nitrate-preferring

wheat had the highest nutrient content in their preferred N forms, which also

promoted fluoranthene uptake. Therefore, regulating the form of N applied to

the soil could be a suitable strategy to improve the safety of agricultural

products.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) such as

fluoranthene, phenanthrene, and pyrene, are organic

pollutants with strong toxic, mutagenic, and carcinogenic

properties. These pollutants are ubiquitous in agroecosystems

worldwide (Tian et al., 2018; Wang et al., 2021). PAHs can be

absorbed by crops grown in PAH-contaminated soils. Thus, food

chain contamination is an important entry route into the human

body for these contaminants (Zhan et al., 2013; Liao et al., 2018).

Rice (Oryza sativa L.) and wheat (Triticum aestivum L.)

cultivated in China represent 29% and 18% of global rice and

wheat yields, respectively (Aslam et al., 2021). Rice and wheat are

important food crops in China, together accounting for 51.6% of

China’s total grain yield (Zhang et al., 2022). Dietary intake

accounts for 88–98% of PAH exposure in humans worldwide

(Singh & Agarwal, 2018). Therefore, deciphering the

physiological mechanisms underlying PAH accumulation in

rice and wheat and developing strategies to minimize

absorption are important to improve the safety of agricultural

products.

Nitrogen (N) is an essential macronutrient for protein

biosynthesis and is also a component of various structural,

metabolic, and genetic molecules. N plays crucial roles in

plant growth and development and even influences pollutant

accumulation in plants (Cheng et al., 2018; Yang et al., 2020;

Mussarat et al., 2021). Nitrate-N (NO3
−-N) and ammonium-N

(NH4
+-N) are the twomajor forms of N absorbed and assimilated

by plants (Yi et al., 2019). N application increases heavy metal

accumulation in plants (Hassan et al., 2005; Cheng et al., 2020),

and the accumulation of heavy metals in plants varies depending

on the form of N fertilizer applied. Compared with NH4
+-N,

NO3
−-N increased Cd uptake and accumulation in plants such as

tomato (Solanum lycopersicum) (Luo et al., 2012), potato

(Solanum tuberosum) (Jönsson and Asp, 2013), and

Arabidopsis thaliana (Guan et al., 2015). Conversely, NH4
+-N

enhances Cd uptake and accumulation in Carpobrotus rossi

(Cheng et al., 2016) and Kandelia obovata (Chai et al., 2018).

However, the accumulation efficiency of heavy metals by the

same plant also varied under different N forms. A previous study

reported that rice supplied with NO3
−-N increased Cd uptake in

grain (Jalloh et al., 2009), whereas another study reported that

NH4
+-N application increased Cd uptake in rice (Wu et al.,

2018). These inconsistent findings may be partly due to

differences in cultivation type, N application rate and timing,

and the particular growth conditions used in each study (Cheng

et al., 2017). Furthermore, the form of nitrogen present in the soil

affects the physicochemical properties of plants and further

influences heavy metal accumulation. In rice, application of

NH4
+-N promotes the uptake and accumulation of Cd by

enhancing antioxidant enzyme activity (Hassan et al., 2008).

Another study found that NO3
−-N application, which

significantly enhanced the total nitrogen (TN) content of

dwarf polish wheat (Triticum polonicum L.), promoted the

uptake and accumulation of Cd (Cheng et al., 2018).

In addition to influencing heavy metal accumulation, N

addition to the soil increases PAH uptake by plants

(Thompson et al., 2008; Chen et al., 2015). Different N forms

also have different effects on PAH uptake. For instance, NH4
+-N

application promoted PAH uptake in alfalfa (Medicago sativa L.)

(Li et al., 2022), whereas NH4
+ addition increased PAH uptake in

wheat and lettuce (Lactuca sativa L.) (Zhan et al., 2015). This

increase in PAH uptake is due to the proton efflux induced by

ammonium uptake, which enhances the symport of H+ and PAH

(Yin et al., 2015). Wang et al. (2021) established that

overexpression of the nitrate (NO3
−) transporter gene

OsNRT2.3b in rice increased the TN content of the plant and

decreased phenanthrene uptake. Moreover, the effect of

ammonium and nitrate treatment on PAH uptake differed

even in the same plant. Yang et al. (2012) showed that NH4
+-

N promoted phenanthrene uptake mainly by enhancing

antioxidant enzyme activity and total plant nitrogen, while

NO3
−-N promoted phenanthrene uptake mainly by enhancing

the biosynthesis of soluble proteins.

The plant preference for nutrients is reflected in the

promotion of plant growth, such as plant height and dry

weight. Moreover, while rice generally prefers NH4
+-N (Zhang

et al., 2018), especially in the early growth stages (Wu et al.,

2018), wheat prefers NO3
− (Zhao & Shen, 2018). Thus, plant

nutrient preferences could affect the uptake and accumulation of

pollutants.

Fluoranthene is a dominant PAH in the Yangtze River Delta

region of China, being present in 73.3% of soil samples from this

region (Cai et al., 2008). Indeed, more than 20% of major crop

plants in China exceed the relative control limit for PAHs (Zhan

et al., 2015); PAH uptake in plants was influenced by the form of

N fertilizer applied (Yang et al., 2012; Zhan et al., 2015). In this

study, we sought to 1) examine the uptake characteristics of

fluoranthene in rice and wheat under three different N forms

(NH4
+-N, NO3

−-N, and NH4
+-N + NO3

−-N), 2) evaluate the

response characteristics of plants under different N forms, and 3)

reveal the relationship between PAH uptake and plant response

characteristics. Plant preference for nutrients affects the PAH

uptake. These results could provide a theoretical basis for PAH

safety control in crops by nitrogen application management.

Materials and methods

Plant material and growth conditions

Rice (Oryza sativa L.) and wheat (Triticum aestivum L.) seeds

were surface sterilized with 5% (v/v) NaClO for 10 min, soaked in

deionized water for 24 h, and then germinated on wet filter paper

in the dark at 20°C for 4 days. Seedlings were cultivated in

modified full-strength Hoagland’s nutrient solution (4 mM Ca
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(NO3)2·4H2O, 6 mM KNO3, 1 mM NH4H2PO4, 2 mM

MgSO4·7H2O, 10 μM H3BO3, 1.8 μM MnSO4, 0.2 μM

NaMoO4, 0.31 μM CuSO4, 5 μM ZnSO4, and 50 μM Fe-

EDDHA [pH, 5.5]). The rice and wheat seedlings were grown

in a climate chamber under controlled conditions (photoperiod

16 h light/8 h dark; light intensity 400 μmol m−2 s−1; day/night

temperature of 25/20°C; relative humidity 60%). After a 30-days

growth in Hoagland nutrient solution, the rice and wheat were

used in the subsequent experiments.

To investigate the effects of different N forms on PAH

uptake, 3 N treatments were established: NH4
+-N (1 mM),

NO3
−-N (14 mM), and NH4

+-N (1 mM) + NO3
−-N (14 mM).

The amount of NO3
− and NH4

+ used in the treatments was

selected so that the TN concentration was the same as that of full-

strength Hoagland’s nutrient solution (2.86 mmol L−1). To

maintain the balance between calcium (Ca) and potassium

(K), 4 mM Ca(NO3)2·4H2O and 6 mM KNO3 were replaced

with 4 mM CaCl2 and 6 mM KCl, respectively, for the NH4
+-

N treatment; for the NO3
−-N treatment, 1 mM KCl and 1 mM

NH4H2PO4 were replaced with 1 mM KH2PO4; for the NH4
+-N

+ NO3
−-N treatment, 1 mM KCl was added. The composition of

other nutrients in the modified Hoagland’s solution was the same

as that of the basal nutrient solution. The final concentration of

fluoranthene in the nutrient solution was 10 mg/L with methanol

as a solvent. The methanol concentration was less than 0.1% and

did not impact root growth (Chapin et al., 1993). A nitrification

inhibitor (dicyandiamide, 7 μmol/L) was added to each nutrient

solution to prevent ammonium oxidation. The pH of the nutrient

solutions was adjusted to 5.5 each day with 0.1 mol/L HCl and

0.1 mol/L NaOH. Four biological replicates were prepared for

further analyses.

Measurement of plant growth and root
morphology parameters

Fresh roots were scanned using an Epson Expression

11000XL scanner (Epson Seiko Corporation, Nagano, Japan).

Total root length, surface area, and root tips were further

analyzed using a WinRHIZO instrument (Regent Instruments

Canada Inc., Quebec, Canada). Dry weights (DWs) of roots and

shoots were measured after deactivation at 105°C for 0.5 h and

drying to a constant weight at 80°C.

Determination of photosynthetic and
transpiration parameters

The photosynthetic rate (Pn) and transpiration rate (Tr) of

upper fully expanded leaves were measured using a portable

photosynthesis system (LI-6400; LICOR, Lincoln, NE,

United States) from 9:00 a.m. to 11:00 a.m. Measurements

were always performed at a constant flow rate of 500 μmol s−1,

a PFD of 500 μmol m−2 s−1, an ambient CO2 concentration of

approximately 350 μmol mol−1, and a temperature of about 25°C.

Enzyme activity and malondialdehyde
content assay

Superoxide dismutase activity (SOD) was measured using the

photochemical method, as described previously by Beauchamp &

Fridovich (1971). One unit of SOD activity was defined as the

amount of enzyme required to inhibit the reduction of nitro blue

tetrazolium (NBT) by 50% at 560 nm in the presence of

riboflavin and light.

Peroxidase (POD) activity was determined bymonitoring the

increase in absorbance at 470 nm due to guaiacol oxidation

(1 EU = 1 μmol guaiacol oxidized in 1 min) (Upadhyaya

et al., 1985).

Catalase (CAT) activity was assayed (Upadhyaya et al., 1985)

by monitoring the decomposition of H2O2 at 240 nm (1EU =

1 μmol H2O2 decomposed in 1 min).

MDA content was quantified using the thiobarbituric acid

method (Wills. 1987) and expressed as nmol thiobarbituric acid-

reactive substance (TBARS)/mg protein.

Total protein and total nitrogen contents

The weight digestion method was used to measure the TN

content (mg N g−1 DW) by colorimetric method using an

assortment of H2SO4 and HClO4 acids (10:1; w/v) and

determined using Nessler’s reagent (Polley, 1954). Total

protein content was determined via a bicinchoninic acid

(BCA) assay (Smith et al., 1985).

Analysis of fluoranthene in plant tissues

Plant roots and shoots were freeze-dried, ground, and

homogenized. Each plant sample (0.5 g) was extracted by

ultrasonication for 30 min in 10 ml acetone and hexane (1:1 [v/

v]). The supernatant was collected, and the precipitate was re-

extracted using the same solution; this process was repeated three

times. All supernatants were combined and passed through an

anhydrous Na2SO4 column, and the residue was eluted with 1:1

(v/v) acetone: hexane. The collected eluent was evaporated in a

rotary evaporator and dissolved in 2 ml methanol. A 1-ml aliquot of

each sample was filtered through a silica gel column (2 g), and the

residue was washed and eluted with 11 ml of hexane and

dichloromethane (1:1 [v/v]). The collected liquids were

evaporated and dissolved in 2 ml methanol. After filtration

through a 0.22-μm filter unit, the extracts were analyzed by

HPLC. The recovery of Flu for this procedure was reported to be

89.5% (n = 3, relative standard deviation [RSD] < 1.6%).
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An HPLC system (LC-20AT, Shimadzu, Japan) coupled to a

UV detector and a 4.6 × 250 mm reverse phase C18 column was

used for Flu analysis. Methanol was used as the mobile phase at a

flow rate of 1 ml min−1 (30°C). The detection wavelength was

254 nm. Aliquots (20 μl) of each sample were injected into the

HPLC system with an auto sampler. The average recovery

obtained by spiking Arabidopsis samples with fluoranthene

was 90.4% (n = 4) for the entire procedure. The fluoranthene

detection limit by HPLC was 65.7 pg. Transfer coefficient (TF)

was calculated as the ratio of fluoranthene content in shoot versus

root (Zhan et al., 2015).

Statistical analysis

The analyses included one-way analysis of variance

(ANOVA) and Duncan’s test (p < 0.05) to test the possible

differences among treatments. Two-way analysis of variance

(ANOVA) was used to assess the effects and interactions of

species type and N form (SPSS 20.0, SPSS Inc., Chicago, IL,

United States). Values are means ± standard error (SE; n = 4).

The data were visualized by ImageGP (Chen et al., 2022). The

relationship between total protein content (TPC), total nitrogen

(TN), enzyme activity, root growth biomass, photosynthetic

rates, transpiration rates, transfer coefficients (TF), and

fluoranthene concentration was explored using a partial least

squares path model (PLS-PM), a particularly useful statistical

method for demonstrating cause and effect relationships among

observed and latent variables (Tenenhaus et al., 2005). The

estimates of path coefficients and the coefficients of

determination (R2) in our path model were validated in R (v.

3.6.3) using the plspm package (1,000 bootstraps). Path

coefficients (i.e., direct effects) represent the strength and

direction of the linear relationships between variables, whereas

indirect effects represent the multiplied path coefficients between

a predictor and response variable, adding the product of all

possible paths except the direct effect (Barberán et al., 2014). The

final model was chosen from all constructed models based on the

Goodness of Fit (GoF) statistic, a measure of the model’s overall

predictive power. The correlation between potential fluoranthene

accumulation and plant physicochemical properties were

analyzed and visualized by R package ggClusterNet (Wen

et al., 2022).

Results

Fluoranthene and N uptake

To determine the influence of N uptake on Flu uptake in rice

and wheat, we measured the fluoranthene and TN content in the

plants. Rice absorbed more fluoranthene than wheat under an

equivalent N supply (Table 1). The fluoranthene concentration in

the rice leaf and root was highest under the NH4
+-N treatment

and lowest under the NO3
−-N treatment. By contrast, the

fluoranthene concentration in wheat leaf and root was highest

under NO3
−-N treatment. Notably, TF of wheat was higher than

that of rice under an equivalent N supply. Rice showed the

highest TF for Flu under NH4
+-N treatment, while wheat showed

the highest TF under NO3
−-N treatment. The TF resulting from

NH4
+-N + NO3

−-N treatment was intermediate between that

obtained for both species. Moreover, the Flu concentration and

TF in rice or wheat were affected by plant species, N form, as well

as the interaction of N form and species (Table 1).

The root TN content of wheat was higher than that of rice at

equivalent applied N levels. The TN content of rice under NH4
+-

N treatment was higher than under NO3
−-N treatment. Opposite

trends were observed in wheat: The TN content was higher under

NH4
+-N treatment than under NO3

−-N treatment. The TN

content under NH4
+-N + NO3

−-N treatment was intermediate

in both rice and wheat. Two-way analysis of variance (ANOVA)

showed that the TN content in plants was influenced by plant

species and N forms individually, but also by the interaction of

both variables (Table 1). Thus, application of different N forms

affects the TN content of the plants.

Plant growth and root morphology
parameters

Plant growth in hydroponic solution varied for rice and

wheat under different N forms (Figure 1). Rice treated with

NH4
+-N accumulated 74% higher biomass than rice treated with

NO3
−-N. The biomass of wheat under NO3

−-N was 338% higher

than that under NH4
+-N treatment. Wheat biomass under NH4

+-

N + NO3
−-N treatment was intermediate between the NH4

+-N

treatment and NO3
−-N treatment (Figure 1A).

The root length, root surface area, and number of root tips

were higher in rice treated with NH4
+-N than with NO3

−-N, but

were higher in wheat treated with NO3
−-N than with NH4

+-N.

These parameters were intermediate between the two different N

treatments for the combined NH4
+-N + NO3

−-N treatment in

both rice and wheat (Figures 1B–D).

Photosynthesis and transpiration

The photosynthetic and transpiration rates of rice under NH4
+-

N treatment were 164% and 114% higher than those observed under

the NO3
−-N treatment, respectively (Figure 2). For wheat, the

photosynthetic and transpiration rates under the NO3
−-N

treatment were 243% and 77% higher than that under the NH4
+-

N treatment, respectively. The transpiration rate of wheat was higher

than that of rice at equivalent nitrogen levels. The photosynthetic

and transpiration rates in both rice and wheat were intermediate

under the NH4
+-N + NO3

−-N treatment (Figure 2).
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Antioxidant enzyme activities and MDA
and total protein content

In both leaf and root tissue, superoxide dismutase (SOD) and

catalase (CAT) antioxidant enzyme activities in rice were higher

than those in wheat. In addition, the peroxidase (POD) activity of

rice leaf was higher than that of wheat, but not the root (Table 2).

Antioxidant enzyme activity was higher in rice under the NO3
−-N

treatment than the NH4
+-N treatment. By contrast, the activity of

these enzymes in wheat was higher under the NO3
−-N treatment.

The malondialdehyde (MDA) content (an indicator of stress-

induced damage to plant membranes) in rice under the NH4
+-N

treatment was lower than under the NO3
−-N treatment (Table 2).

The opposite trend was observed in wheat, where the MDA

content under the NO3
−-N treatment was lower than under the

NH4
+-N treatment.

The total protein content (TPC) of wheat was higher than

that of rice under an equivalent nitrogen supply. In rice, the TPC

was higher under the NH4
+-N conditions than under NO3

−-N

conditions, while the TPC of wheat was higher under the NO3
−-N

conditions.

Enzymatic activity, MDA content, and TPC in rice and wheat

under the combined NH4
+-N + NO3

−-N treatment were

intermediate between the NH4
+-N and NO3

−-N treatments.

Moreover, antioxidant enzyme activities, MDA content, and

TPC were affected by plant species and N form, as well as by

the interaction between N form and species (Table 2).

Correlation between fluoranthene uptake
and plant physicochemical properties

According to Mantel tests, fluoranthene uptake by the plant

was correlated with its physicochemical properties (Figure 3).

Fluoranthene uptake in both rice and wheat exhibited a

significant correlation with antioxidant enzyme activity, TN,

TPC, photosynthetic and transpiration rates, and plant growth

(p < 0.05). Among these physicochemical properties correlated

with fluoranthene uptake, TN showed the strongest correlation

with fluoranthene accumulation in rice and wheat.

We next sought to further explore the effects of TPC, TN,

enzyme activities, and plant growth on Flu accumulation. To this

end, a partial least squares path model (PLS-PM) was constructed to

assess direct and indirect effects between the observed indicators

(Figure 4). We established that the NH4
+-N treatment directly

affected plant growth, TN, enzyme activities, and TPC in rice; the

greatest effect was on TN, with a path coefficient of 0.85 (Figure 4A,

Supplementary Table S1). In wheat, the NO3
−-N treatment had a

substantial effect on TN, with a path coefficient of 0.82 (Figure 4B,

Supplementary Table S1). While plant growth, TN, enzyme activity,

and TPC had direct effects on root fluoranthene uptake in rice and

wheat, TN was the dominant factor affecting fluoranthene uptake in

both species, with path coefficients of 0.74 for rice and 0.71 for wheat

(Figures 4A,B). Root fluoranthene concentration had a direct effect

on leaf fluoranthene concentration in rice and wheat with path

coefficients of 0.78 and 0.75, respectively.

TABLE 1 The direct and indirect relationships between variables. The path coefficients are calculated by PLS-PM after 1,000 bootstraps.

Leaf Flu (mg·kg-1) Root Flu (mg·kg-1) TF Leaf total N (mg·g-1) Root total N (mg·g-1)

Rice NH4
+-N 76.19 ± 5.01a 1960.83 ± 160.12a 0.04 ± 0.007a 30.38 ± 2.40a 26.08 ± 5.55a

NO3
--N 18.16 ± 2.26b 622.25 ± 47.85c 0.03 ± 0.009b 21.48 ± 1.86b 22.23 ± 4.36b

NH4
+-N+ NO3–N 18.96 ± 4.14b 1103.82 ± 118.81b 0.02 ± 0.003c 23.35 ± 2.99b 21.68 ± 2.53b

Wheat NH4
+-N 10.30 ± 1.78c 200.05 ± 58.24c 0.05 ± 0.02c 21.36 ± 2.31b 25.71 ± 4.37c

NO3
--N 63.02 ± 5.75a 627.82 ± 42.71a 0.10 ± 0.02a 50.26 ± 7.47a 49.19 ± 3.78a

NH4
+-N+ NO3

--N 20.98 ± 2.90b 351.62 ± 20.84b 0.06 ± 0.02b 23.55 ± 4.34b 36.87 ± 4.21b

Species F-test 15.72 527.28 53.70 11.72 65.04

p value p < 0.05 p < 0.01 p < 0.01 p < 0.05 p < 0.01

N forms F-test 84.72 57.42 7.40 31.00 16.61

p value p < 0.01 p < 0.01 p < 0.05 p < 0.01 p < 0.01

Species*N forms F-test 406.89 197.57 7.07 38.51 15.51

p value p < 0.01 p < 0.01 p < 0.05 p < 0.01 p < 0.01

Data are means ± standard error of four replicates (n = 4). Values followed by different letters within same column are significantly different at p < 0.05 significance level according to the

Duncan’s multiple range test.
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Discussion

N supply modifies plant growth and root
morphology, influencing fluoranthene
uptake in plants

Plant biomass under various stresses is an important

indicator of plant stress tolerance (Tarigholizadeh et al., 2021).

PAH uptake is associated with biomass accumulation (Su et al.,

2010). In this study, rice had the highest biomass under the

NH4
+-N treatment (Figure 1A). As an ammonium-preferring

plant, increasing the ratio of NH4
+-N under different NO3

−/NH4
+

ratios in rice could increase plant biomass (Wu et al., 2018). For

wheat, biomass was highest under the NO3
−-N treatment

(Figure 1A). Similar results have shown that supplying wheat

with NO3
−-N led to a greater increase in biomass compared with

NH4
+-N when plants were exposed to Cd stress (Cheng et al.,

2020). Our data showed that NH4
+-N-treated rice and NO3

−-N-

treated wheat had the highest fluoranthene concentration in both

the leaf and root tissues (Table 1). The increase in biomass

facilitated the enhancement of photosynthetic rate and an

increase in photosynthetic products, which in turn accelerated

FIGURE 1
Effects of different nitrogen forms on the growth responses. Data are presented for (A) Plant biomass, (B) Root length, (C) Root area, and (D)
number of root tips. Data are means ± standard error of four replicates (n = 4).
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fluoranthene uptake, as supported by the correlation analysis

(Figure 3). Similar results have been reported in cucumber

(Cucumis sativus L.), demonstrating that an increase in

biomass could promote phenanthrene uptake (Yang et al., 2012).

Rice root growth (root length, area, and number of root tips)

significantly increased under the NH4
+-N treatment compared

with the NO3
−-N treatment (Figures 1B–D). This may be

associated with plant N accumulation under the different N

treatments. In this study, total N in rice was higher under NH4
+-

N treatment than under NO3
−-N treatment (Table 1). An

increase in total N can promote rice root growth (Lucob-

Agustin et al., 2020). Similarly, rice root growth was reported

to be higher under NH4
+-N conditions than under NO3

−-N and

mixed N conditions in response to Cd stress (Hassan et al., 2008).

In contrast with rice, the root growth of wheat treated with

NO3
−-N was higher than that of wheat treated with NH4

+-N

(Figures 1B–D). This may be associated with the enhanced

activity of nitrate reductase in wheat, which could enhance N

accumulation and facilitate root growth (Garnett and Smethurst,

1999; Jampeetong and Box, 2009). In wheat, NO3
−-N could

facilitate nitrate reductase activity to a greater extent than

NH4
+-N (Yuan et al., 2014). A previous study also showed

that, under Cd stress, wheat root growth was higher in plants

treated with NO3
−-N than with NH4

+-N (Cheng et al., 2020).

The highest fluoranthene concentrations were detected in

rice under the NH4
+-N treatment and in wheat under the NO3

−-

N treatment (Table 1). The Mantel test showed that root length,

root area, and root tip number were positively correlated with

root fluoranthene concentration (Figure 3). Plant root

morphology influences the efficiency of nutrient acquisition,

thus affecting PAH uptake (Liu et al., 2014). Zhan et al.

(2013) revealed that the major factor promoting phenanthrene

uptake was root-specific surface area. In addition, a previous

study reported that longer roots increased root surface area,

thereby providing a spatial location for PAH absorption (Parrish

et al., 2004).

Interestingly, rice took up more fluoranthene than wheat

under an equivalent N supply (Table 1). A similar study reported

that PAH accumulation in rice was higher than in wheat (Li et al.,

2017). Root surface area and root tip numbers are the most

important factors influencing PAH uptake (Tao et al., 2004; Li

et al., 2021). Rice roots with higher numbers of root tips than

those of wheat under an equivalent N supply might be

responsible for this (Figure 1D). Thus, different N

applications affect the root morphology and, hence, the

uptake of Flu by plants.

N supply improves plant N accumulation,
increasing fluoranthene uptake

The TN of rice under NH4
+-N treatment was higher than

NO3
−-N treatment, and the highest TN was found in wheat

treated with NO3
−-N (Table 1). The total N content in plants was

correlated with the N form (Figure 4). A similar study reported

that TN accumulation in rice was significantly correlated with

NH4
+-N in the soil (Chen et al., 2012). Huo et al. (2020) showed

that total plant N increased in rice under Cu stress when N was

FIGURE 2
Effects of different nitrogen forms on (A) photosynthesis rate and (B) transpiration rate. Data are means ± standard error of four replicates
(n = 4).
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supplied as NH4
+-N rather than NO3

−-N. Wheat TN was found

to be positively correlated with soil NO3
−-N content (Zhang et al.,

2021).

In this study, rice treated with NH4
+-N and wheat

treated with NO3
−-N had higher Flu concentrations at

equivalent N levels. Correlation analysis showed a

positive correlation between total N and fluoranthene

uptake (Figure 3), and PLS-PM analysis further suggested

that total N was the main factor affecting fluoranthene

uptake (Figure 4). Similar studies also confirmed the

contribution of total N content on PAH uptake. Wang

et al. (2021) revealed that elevated total N content in rice

could promote phenanthrene uptake. Similarly, Yang et al.

(2012) reported that increased total N content in cucumber

facilitated phenanthrene uptake. Different nitrogen

applications affect the TN content of plants to influence

the uptake of fluoranthene.

N supply enhances plant photosynthesis
and transpiration, facilitating fluoranthene
uptake and translocation

The photosynthetic rate of rice was higher under NH4
+-N

than under NO3
−-N, while that of wheat was higher under NO3

−-

N (Figure 2A). Different N forms vary in their effect on crop

plant photosynthesis (Shelp et al., 1991). A previous study

reported that the photosynthetic rate of rice treated with

NH4
+-N was higher than that of rice treated with NO3

−-N

under Cd stress (Alpha et al., 2009). Another study reported

that the photosynthetic rate of wheat treated with NO3
−-N was

higher than that of wheat treated with NH4
+-N under Cd stress

(Cheng et al., 2020).

The increased photosynthetic rate of wheat and rice by N

application could enhance fluoranthene uptake. The positive

correlation between photosynthetic rate and fluoranthene uptake

TABLE 2 Effect of different nitrogen forms on plant antioxidative enzymes activities, malondialdehyde and total protein content.

SOD (U·mg-1

prot)
CAT (U·mg-1

prot)
POD (U·mg-1

prot)
MDA (nmol·mg-1

prot)
TPC
(mg·g-1)

Leaf Rice NH4
+-N 166.88 ± 14.46a 42.81 ± 5.3a 385.08 ± 48.92a 1.29 ± 0.16c 4.76 ± 0.17a

NO3
--N 80.36 ± 7.82c 14.15 ± 1.46c 194.23 ± 14.13c 3.42 ± 0.5a 2.13 ± 0.12c

NH4
+-

N+NO3
--N

90.4 ± 10.27b 22.71 ± 3.46b 281.75 ± 31.42b 2.24 ± 0.26b 3.02 ± 0.09b

Wheat NH4
+-N 24.84 ± 2.8c 0.77 ± 0.12c 64.76 ± 7.16c 4.15 ± 0.47a 6.93 ± 0.45c

NO3
--N 61.07 ± 5.46a 3.9 ± 0.43a 154.33 ± 16.12a 1.2 ± 0.24b 13.37 ± 0.78a

NH4
+-

N+NO3
--N

35.43 ± 4.44b 2.72 ± 0.3b 96.88 ± 6.86b 1.46 ± 0.3b 8.81 ± 0.58b

Species F-test 522.92 527.34 558.38 0.29 1242.58

p value p < 0.01 p < 0.01 p < 0.01 p > 0.05 p < 0.01

N forms F-test 48.38 79.49 13.43 4.67 80.29

p value p < 0.01 p < 0.01 p < 0.01 p > 0.05 p < 0.01

Species*N
forms

F-test 125.07 53.13 112.76 40.73 177.41

p value p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

Root Rice NH4
+-N 140.06 ± 11.57a 19.58 ± 4.87a 262.1 ± 106.85a 1.43 ± 0.07b 2.56 ± 0.26a

NO3
--N 66.53 ± 10.41b 6.55 ± 2.03c 63.46 ± 16.72c 3.35 ± 0.21a 1.24 ± 0.15c

NH4
+-

N+NO3
--N

46.04 ± 2.52c 12.21 ± 3.57b 167.66 ± 22.34b 1.74 ± 0.35b 1.96 ± 0.11b

Wheat NH4
+-N 11.36 ± 1.55b 0.34 ± 0.16b 30.77 ± 6.55c 4.5 ± 0.48a 3.24 ± 0.66c

NO3
--N 31.2 ± 1.83a 2.84 ± 0.4a 173.03 ± 15.98a 0.97 ± 0.1c 15.91 ± 2.43a

NH4
+-

N+NO3
--N

12.87 ± 1.95b 1.61 ± 0.12c 75.01 ± 8.03b 1.95 ± 0.34b 5.56 ± 0.93b

Species F-test 198.88 110.12 16.54 2.99 196.40

p value p < 0.01 p < 0.01 p < 0.01 p > 0.05 p < 0.01

N forms F-test 24.51 6.81 2.14 10.72 63.70

p value p< 0.01 p > 0.05 p > 0.05 p < 0.01 p < 0.01

Species*N
forms

F-test 48.23 13.27 48.45 49.64 87.04

p value p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

Data are means ± standard error of four replicates (n = 4). Values followed by different letters within same column are significantly different at p < 0.05 significance level according to the

Duncan’s multiple range test.
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was confirmed through a Mantel test (Figure 3). A previous study

reported that an increased photosynthetic rate in tomato could

promote the uptake of phenanthrene and pyrene (Ahammed et al.,

2012). Another study reported that increased photosynthetic

rate in cucumber also promoted phenanthrene uptake (Jin

et al., 2017).

The transpiration rate of wheat was higher than that of rice.

This may be due to smaller stomata and lower stomatal density in

rice compared to wheat (Eberbach et al., 2011). The transpiration

rate of rice under NH4
+-N was higher than that under NO3

−-N,

and the transpiration rate of wheat under NO3
−-N was the

highest (Figure 2B). Research has shown that transpiration

rate is positively correlated with photosynthetic rate, due to

stomatal opening resulting from an enhanced photosynthetic

rate (Tanaka et al., 2013; Wang et al., 2019).

An increased transpiration rate could promote

fluoranthene transport in plants. Meudec et al. (2006)

reported that transpiration was the main motive force for

the transport of organic pollutants in plants. Another

previous study showed that phenanthrene transport from

root to shoot proceeded mainly through the transpiration

stream (Gao & Zhu, 2004).

The transfer coefficient of fluoranthene was highest in rice

under NH4
+-N treatment and highest in wheat under NO3

−-N

treatment (Table 1). Correlation analysis showed that the

fluoranthene transfer coefficient was positively correlated with

transpiration rate (p < 0.01) (Figure 3). A previous study reported

that the transfer coefficient of phenanthrene was higher in wheat

under NO3
−-N than under NH4

+-N (Zhan et al., 2015). Another

study reported that the transfer coefficient of phenanthrene in

rice was higher under NH4
+-N than under NO3

−-N (Wang et al.,

2021). It is worth noting that the transfer coefficient of wheat is

higher than that of rice at the equivalent N level (Table 1) likely

because the transpiration rate of wheat is higher than that of

rice at the equivalent N level. Therefore, different N

applications affect the photosynthetic and transpiration rates

of plants to influence the uptake and translocation of

fluoranthene.

N supply promotes antioxidant enzyme
activities to alleviate oxidative stress and
boost plant fluoranthene uptake

Plants possess efficient systems for scavenging reactive

oxygen species to protect themselves from destructive

oxidative reactions (Debnath et al., 2021). Antioxidant

enzymes are key elements of this system. There have been

many reports suggesting that the form of nitrogen supplied to

plants not only influences their growth characteristics under

non-stress conditions, but also affects their stress tolerance (Rios-

Gonzalez et al., 2002). We observed that the antioxidant enzyme

FIGURE 3
Parameters of plant drivers of the potentially fluoranthene accumulation in rice and wheat. Association of the potential fluoranthene
accumulation (Bray-Curtis distance) and plant physicochemical properties were analyzed with Mantel tests. CAT: Catalase; POD: Peroxidase; SOD:
Superoxide dismutase; TPC: Total protein content; TN: Total nitrogen; Pn: Photosynthesis; Tr: Transpiration; TF: Transfer coefficient; Rlength: Root
length; Rarea: Root area; Rtips: Root tips. The edge width corresponds to the R value, and edge color denotes the statistical significance. The
color gradient indicates Pearson correlation coefficients among the plant physicochemical properties and indicates no significant correlation at
0.05 level.
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(SOD, POD, and CAT) activities in rice under NH4
+-N treatment

and wheat under NO3
−-N treatment were higher than those at

equivalent N levels (Table 2). A previous study showed that the

antioxidant enzyme activity of rice under NH4
+-N was higher

than that under NO3
−-N during Cd stress (Jalloh et al., 2009).

However, another study also showed that the antioxidant enzyme

activity in wheat was higher under NH4
+-N than under NO3

−-N

under Cu stress (Zeng et al., 2021). This opposite result may be

due to differences in pH; rhizosphere pH increases through the

application of NO3
−-N, which decreases the uptake of mineral

nutrients and reduces resistance to stress pollutants (Xu et al.,

2012). In this experiment, we adjusted the pH of the nutrient

FIGURE 4
Directed graph of the partial least squares path model (PLS-PM) of rice (A) and wheat (B). Each box represents an observed variable
(i.e., measured) or latent variable (i.e., constructs). PLS-PMdescribing the relationships betweenN forms, TPC, TN, enzyme activities, biomass, and Flu
concentration. Flu: Fluoranthene concentration; T1\ Total nitrogen; TPC: Total protein concentration; Enzyme activities: Peroxidase, superoxide
dismutase and catalase. Path coeffic ients are calculated after 1000 bootstraps and reflected in the width of the arrow, with hick indicating
positive effects. Dashed arrows show that coefficients did not differ significantly from 0 (P >0.05). The model is assessed using the Goodness of
Fit(GoF) statistic, and the GoF value was OA (A) and 0.59 (B), respectively.
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solutions to 5.5 each day. Thus, it is most likely that the

antioxidant enzyme activity in wheat was indeed higher under

NO3
−-N than under NH4

+-N (Table 2).

The elevated antioxidant enzyme activities promoted

fluoranthene uptake. PLS-PM analysis showed that pollution

caused an increase in antioxidant enzyme activity in plants, and

the increase in antioxidant enzyme activity promoted the uptake of

fluoranthene by plants (Figure 4). Previous studies have

demonstrated that antioxidant enzyme activity increased with

elevated PAH concentrations in plants (Yang et al., 2012; Shen

et al., 2018). SOD plays a role in scavenging the superoxide anion

free radical, converting it into peroxide (H2O2), while CAT and

POD then break down H2O2 (Ahmad et al., 2010). Moreover, an

increase in antioxidant enzyme activity improves the ability of plants

to scavenge reactive oxygen species generated by PAHs entering the

cells (Yang et al., 2012). Different nitrogen applications affect the

antioxidant enzyme activity of plants. Ammonium-loving rice had

the highest increase in antioxidant enzyme activity under NH4
+-N

condition, suggesting that the plant was better adapted to uptake and

accumulate more fluoranthene. Similarly for wheat, which had

higher antioxidant enzyme activity under NO3
−-N condition and

consequently was able to uptake and accumulatemore fluoranthene.

In this study, theMDA content in rice under NH4
+-N treatment

and in wheat under NO3
−-N treatment was lower than that under

the equivalent N levels (Table 2). MDA is the direct production of

lipid peroxidation, and its content is often used as an indicator of the

extent of lipid peroxidation and is negatively correlated with

antioxidant enzyme activity (Yang et al., 2012). A previous study

reported a negative correlation between antioxidant enzyme activity

andMDA content in tomato under phenanthrene and pyrene stress

(Ahammed et al., 2012). Another study reported that antioxidant

enzyme activity in wheat under phenanthrene stress was negatively

correlated with MDA (Shen et al., 2018).

N supply increases TPC to improve
fluoranthene uptake and translocation in
plants

The TPC of rice was highest under NH4
+-N treatment,

while the TPC of wheat was highest under NO3
−-N

treatment. Accordingly, a previous study showed that the

TPC of rice treated with NH4
+-N was higher than that of

NO3
−-N-treated rice (Balkos et al., 2010). Another study

reported that the TPC of wheat under NO3
−-N treatment

was higher than that of wheat under NH4
+-N treatment

(Carillo et al., 2005).

TPC was positively correlated with Flu uptake (Figure 3),

suggesting that PAH uptake by plants requires the synthesis of

proteins that mediate PAH transport. Indeed, Shen et al. (2020)

reported that PAH transport in the xylem is an active energy-

consuming process mediated by transport proteins. Another study

reported that active uptake of phenanthrene by wheat roots may be

mediated by transporters that remain uncharacterized (Zhan et al.,

2010). Thus, different N applications affected the TPC of plants to

influence fluoranthene uptake.

Taken together, the nutrient preference of plants influences

fluoranthene uptake. A similar pattern has been reported for the

heavy metal Cd (Cheng et al., 2016; Cheng et al., 2020). In this

study, plant TN content was the main factor affecting

fluoranthene uptake (Figure 4). Therefore, regulating the N

forms applied to crops in the field could be an effective and

safe strategy to reduce fluoranthene uptake and ensure

agricultural product safety.

Conclusion

Fluoranthene uptake by rice and wheat is influenced by their

nutrient preferences. NH4
+-N-treated rice and NO3

−-N-treated

wheat absorb more fluoranthene than the corresponding plants

subjected to equivalent nitrogen levels. The N form present in the

growth medium affects plant growth, root morphology,

photosynthetic and transpiration rates, TPC, TN content, and

antioxidant enzyme activity and thereby facilitates fluoranthene

uptake. Among these parameters, TN content was the key factor

influencing fluoranthene uptake.
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