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Root exudates play a pivotal role in the behaviors of polycyclic aromatic hydrocarbons
(PAHs) in mangrove sediments, but the knowledge of how mangrove root exudates
response to PAHs pollutants is limited. This study examined the root exudates ofBruguiera
gymnorrhiza (L.) (B. gymnorrhiza) under exposure in phenanthrene, pyrene, and benzo[a]
pyrene solution through a 45 days hydroponic cultivation. The results showed that the root
exudates of B. gymnorrhiza were mainly hydrocarbon compounds. Tartaric acid was the
dominant low molecular weight organic acids (LMWOAs) in root exudates. Under PAHs
stress, the proportion of hydrocarbon compounds in root exudates decreased, while the
proportion of amide compounds increased. At the first 15 days exposure, the amounts of
dissolved organic carbon, soluble total sugars, total organic acids and LWMOAs all
increased and reached the maximum values, subsequently, the amounts of root
exudates had dropped. The degradation rates of PAHs followed the sequence of
phenanthrene > pyrene > benzo [a] pyrene, and the presence of root exudates can
significantly enhance the degradation of PAHs. The results illustrated that PAHs stress can
significantly change the concentrations and species of root exudates. This study provides
the scientific reference for understanding the ability of B. gymnorrhiza response to PAHs
stress.
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INTRODUCTION

Mangroves are important inter-tidal estuarine wetlands located along coastlines of tropical and
subtropical regions. They serve important ecological functions because of high productivity, high
return rate, high decomposition rate and high resistance to extreme weather events, and
anthropogenic activities (Wang and Gu, 2021). They also have important environmental
protection functions because they can easily accumulate varieties of pollutants mainly derived
from rivers or tidal waters (Zhang et al., 2014). Polycyclic aromatic hydrocarbons (PAHs), as a class
of organic pollutants, have been widely investigated for monitoring pollution level, and source
identification and ecological risk assessment over the last several decades (Huang et al., 2021). Over
the past few decades, mangrove wetlands have been exposed to multiple poisonous PAHs due to
various kinds of human activities (Qiu et al., 2018; Balu et al., 2020; Verâne et al., 2020; Garcia and
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Martins, 2021). Phytoremediation and biodegradation by
indigenous degrading microbes are important processes of
PAHs in contaminated mangrove sediments, and rhizosphere
has been proved to effectively promote the depletion of PAHs in
contaminated sediments in both cases (Tam and Wong, 2008; Lu
et al., 2011).

Plant roots secrete a wide range of organic compounds into
the rhizosphere, known as root exudates, which play an
important role in rhizodegradation (Gao et al., 2011; Lu
et al., 2017; Turkovskaya and Muratova, 2019; Sivaram et al.,
2020; Wang et al., 2021a). Root exudates are often divided into
two groups: low and high-molecular weight exudates. Low-
molecular-weight organic acids (LMWOAs) are chemically
active. They can be easily involved in a series of rhizospheric
processes, such as, microbial metabolism, and detoxify of
harmful elements (Jia et al., 2018). Root exudates also have
been implicated in many soil processes, and affect the behavior
of PAHs. For example, the previous studies showed that root
exudates could influence the sorption, desorption, and transport
of PAHs, and subsequently influence their degradation and
phytoremediation in mangrove sediments (Wang et al., 2014;
Jia et al., 2016a; Jia et al., 2016b; Lu et al., 2017). Our former
study has shown that the organic components in the mangrove
root exudates included hydrocarbons, esters, phenols, and
aromas (Liu et al., 2017). However, most of the current
studies focused on LMWOAs, how the other components of
mangrove root exudates response to PAHs pollutants is still
limited.

This study aims to evaluate the properties of exudates from
mangrove roots, and compare the root exudates under different
PAH stress through a hydroponic culture experiment. We
selected Bruguiera gymnorrhiza (L.) as the object of this study
because it is a typical mangrove species and has exhibited clear
promotion of the depletion of PAHs in mangrove sediments in
previous research (Song et al., 2012; Naidoo and Naidoo, 2016;
Qiu et al., 2018). Phenanthrene, pyrene, and benzo[a]pyrene were
selected as representative PAHs because they are commonly

found in mangrove sediments (Tam et al., 2002; Tian et al.,
2008; Aziz et al., 2018). The results of this study will provide
guidelines to remediation strategies at mangrove-contaminated
sediments.

MATERIALS AND METHODS

Hydroponic Culture Experiment
B. gymnorrhiza seedlings was sampled from a mangrove nature
reserve at Dongzhai Harbor in Hainan, China within a B.
gymnorrhiza community (E 110°34′51.7″, N 19°57′18.0″). A
number of B. gymnorrhiza seedlings with similar shapes, leaf
numbers, stem internodes, and maturities, and no disease or
insect pests were sampled and taken to laboratory for study.
The sampled B. gymnorrhiza seedlings were transplanted into
1 L beakers, and treated with distilled water for 2 days, and then
put into the 600 ml culture solutions containing phenanthrene
(Phe), pyrene (Pyr), and benzo [a] pyrene (Bap) for 45 days,
respectively. The culture solutions was prepared according to a
modification of Hoagland nutrient solution for mangrove
growth (Jiang et al., 2017). The salinity was adjusted to 4‰,
which is consistent with the sediment environment in our
sampling location. The culture solutions without receiving
exogenous PAH, and spiked with single PAH compound
were set as the control and PAH stress treatments
respectively. Methane (0.5%) was added to enhance
dissolution of PAH, and the final concentrations of each
PAH in the nutrient solutions were 0.1, 1.0, and 10 mg/L
respectively. The culture solution was supplemented daily to
maintain the liquid level. The beakers were wrapped in tin foil
to avoid light degradation of PAHs and the treatments of
without plants were also set for comparing the natural
degradation of PAHs without plants. After 15, 30, and
45 days cultivation, the plants and culture solutions were
sampled for analyzing the composition of root exudates and
the content of residual PAHs.

TABLE 1 | GC-MS measurement results of composition and relative content of root exudates after15 days PAHs hydroponic stress.

Time Name CK Phe-
0.1

Phe-
1

Phe-
10

Pyr-
0.1

Pyr-
1

Pyr-
10

Bap-
0.1

Bap-
1

Bap-
10

3.587 Mesitylene 2.98 1.55 1.79 2.54 2.10 2.26 1.93 1.68 2.54 2.78
4.822 Benzene, 1,2,4,5-tetramethyl- 1.93 1.42 1.01 1.64 1.51 1.17 1.35 — 1.68 1.74
5.422 1-Dodecene 2.15 1.59 1.392 1.87 1.7 1.66 1.48 — 1.92 2.03
5.516 Naphthalene 1.62 1.27 1.06 1.33 1.28 1.21 — — 1.22 1.44
5.916 Benzothiazole 2.02 1.55 1.51 1.79 1.77 1.67 1.53 — 1.84 1.99
7.287 1-Tetradecene 3.93 3.16 2.52 2.99 3 2.73 2.55 2.11 2.96 3.11
8.345 Phenol, 2,4-bis(1,1-dimethylethyl)- 3.39 2.72 2.53 3.06 3.23 2.92 2.64 2.22 3.08 3.22
8.957 Cetene 4.00 3.16 3.17 3.53 3.67 3.31 3.15 2.58 3.43 3.64
10.592 1-Octadecene 3.79 2.68 2.77 3.32 — 3.13 — 2.17 3.30 3.41
12.369 E-15-Heptadecenal 2.22 1.81 1.68 2.00 — 1.94 1.76 1.45 2.52 1.30
14.251 1-Nonadecene 1.21 1.04 0.95 1.34 1.27 1.08 — — 1.13 —

16.692 Phenol, 2,2′-methylenebis [6-(1,1-dimethylethyl)-4-
methyl-

— 22.17 9.88 5.18 — 11.23 10.52 10.97 7.32 —

18.351 Bis(2-ethylhexyl) phthalate 13.51 12.68 11.91 17.9 14.65 13.91 12.56 10.03 17.43 17.77
23.003 13-Docosenamide, (Z)- 43.62 41.93 31.19 51.5 54.17 50.52 57.63 66.77 49.61 48.28

*CK, Phe-0.1, Phe-1, Phe-10, Pyr-0.1, Pyr-1, Pyr-10, Bap-0.1, Bap-1, and Bap-10 are the abbreviations of treatments of incubation solutions without PAH, with 0.1, 1, and 10 mg/L Phe,
Pyr, and Bap respectively.
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Collection and Determination of Root
Exudates
After the set culture time, the seedlings were taken out and rinsed
thoroughly in distilled water, and then rinsed again in distilled
water containing an antimicrobial agent to prevent microbial
degradation of the exudates during their collection. The roots

were then immersed in a collection volume of 600 ml of distilled
water for 4 h for the collection of root exudates (Lu et al., 2007).
Then a portion of 200 ml collected solutions were removed for
extraction with 50 ml ethyl acetate three times, and the
extractions were evaporated to 5 ml under reduced pressure at
40°C, and filtered with a 0.22-μm organic filter membrane, then

TABLE 2 | GC-MS measurement results of composition and relative content of root exudates after 30 days PAHs hydroponic stress.

Time Name CK Phe-
0.1

Phe-
1

Phe-
10

Pyr-
0.1

Pyr-
1

Pyr-
10

Bap-
0.1

Bap-
1

Bap-
10

3.587 Mesitylene 1.45 — — 1.84 1.61 — 1.92 1.44 2.18 1.49
4.822 Benzene, 1,2,4,5-tetramethyl- — — — _ _ — 1.37 — 1.44 1.49
5.422 1-Dodecene — — — 1.50 1.42 — 1.63 — 1.66 1.83
5.516 Naphthalene — — — _ — 1.19 — 1.17 1.28
5.916 Benzothiazole — — — 1.49 _ — 1.83 — 1.69 2.02
7.287 1-Tetradecene 1.99 2.17 2.23 2.44 2.14 1.6 3.13 2.87 2.77 3.25
8.345 Phenol, 2,4-bis(1,1-dimethylethyl)- 2.15 2.76 2.95 2.48 2.49 1.92 3.35 3.11 2.95 3.49
8.957 Cetene 2.58 3.17 3.40 2.93 2.45 1.86 3.92 — 3.59 4.03
10.592 1-Octadecene 2.31 2.95 3.3 2.35 2.04 1.51 3.41 3.17 3.22 3.79
12.369 E-15-Heptadecenal 1.51 1.97 2.02 1.76 1.51 — 2.47 2.21 2.02 2.43
14.251 1-Nonadecene 12.84 1.79 1.31 — — — 1.34 1.31 1.16 1.48
16.692 Phenol, 2,2′-methylenebis[6-(1,1-dimethylethyl)-4-

methyl-
— 19.26 — 13.05 — 18.44 11.77 7.55 — 10.54

18.351 Bis(2-ethylhexyl) phthalate 10.33 8.36 8.943 7.43 6.93 5.15 10.39 8.28 8.84 10.77
23.003 13-Docosenamide, (Z 64.83 58.18 64.82 61.33 66.04 67.37 52.29 60.45 55.95 49.95

*CK, Phe-0.1, Phe-1, Phe-10, Pyr-0.1, Pyr-1, Pyr-10, Bap-0.1, Bap-1, and Bap-10 are the abbreviations of treatments of incubation solutions without PAH, with 0.1, 1, and 10 mg/L Phe,
Pyr, and Bap respectively.

TABLE 3 | GC-MS measurement results of composition and relative content of root exudates after 45 days PAHs hydroponic stress.

Time Name CK Phe-
0.1

Phe-
1

Phe-
10

Pyr-
0.1

Pyr-
1

Pyr-
10

Bap-
0.1

Bap-
1

Bap-
10

3.293 Benzene, 1-ethyl-3-methyl- — 0.72 1.11 1.19 1.16 — — 1.09 1.15 0.98
3.351 Benzene, 1-ethyl-4-methyl- — — 0.87 1.01 0.76 — — 0.75 0.78 0.68
3.587 Mesitylene 1.53 1.81 3.23 3.67 4.03 0.88 2.31 3.08 2.48 2.14
4.187 Benzene, 1,2,3,4-tetramethyl- — — 0.72 0.81 0.773 — 0.71 0.74 0.66
4.404 Benzene, 2-ethyl-1,4-dimethyl- — 0.75 1.03 1.14 1.09 — — 1.01 1.71 0.94
4.463 Benzene, 1-ethyl-2,4-dimethyl- — — 0.76 0.74 1.06 — — 0.99 0.74 0.67
4.781 Benzene, 1,2,3,4-tetramethyl- — — 1.61 0.68 — — — — 0.65 —

4.822 Benzene, 1,2,4,5-tetramethyl- — 1.56 2.34 1.78 1.66 0.91 1.88 1.50 1.67 1.41
5.422 1-Dodecene — 1.84 1.74 2.59 2.50 1.59 1.12 2.30 2.47 2.17
5.516 Naphthalene — 1.36 0.82 1.91 1.71 1.29 1.51 1.56 1.63 1.46
5.575 Methyl salicylate — — 2.26 0.88 — — — 0.75 0.81 0.73
5.916 Benzothiazole — 1.88 3.68 2.65 2.5 2.19 2.25 2.23 2.39 2.17
7.287 1-Tetradecene 1.59 3.12 3.98 4.06 3.75 3.82 3.64 3.42 3.77 3.54
8.345 Phenol, 2,4-bis(1,1-dimethylethyl)- 2.55 3.53 0.87 4.31 4.07 4.41 4.22 3.85 4.20 3.95
8.957 Cetene 2.18 3.76 3.53 4.81 4.49 5.20 4.62 4.15 4.60 4.36
9.81 Heneicosane 0.66 0.68 0.67
10.592 1-Octadecene 2.11 3.39 0.81 4.79 4.27 4.23 4.15 3.67 3.96 3.49
11,333 1,2-Benzenedicarboxylicacid, bis(2-methylpropyl) ester 0.87 0.86 0.72 0.92 0.89 1.02 2.21 0.67 0.74 0.96
12.369 E-15-Heptadecenal 3.15 2.29 2.58 3.05 2.68 2.87 2.84 2.58 2.69 2.59
14.251 1-Nonadecene 6.85 1.51 1.77 1.91 2.01 1.83 1.57 2.06 2.17 1.12
14.398 Hexacosyl acetate — — — — — — — 1.76 1.69 1.54
14.404 Acetic acid n-octadecyl ester — 2.08 1.17 1.32 — — — — — —

15.956 9-Octadecenamide, (Z)- — — — — 2.26 1.86 2.14 2.68 2.32 3.09
16.692 Phenol, 2,2′-methylenebis [6-(1,1-dimethylethyl)-4-

methyl-
— 25.49 15.12 15.08 14.19 26.28 26.22 17.72 19.13 22.73

18.351 Bis(2-ethylhexyl) phthalate 8.68 2.94 3.65 4.88 3.43 3.73 3.88 3.22 3.51 3.64
23.003 13-Docosenamide, (Z)- 44.25 34.04 33.64 28.52 32.51 30.37 35.67 32.34 28.75 30.26

*CK, Phe-0.1, Phe-1, Phe-10, Pyr-0.1, Pyr-1, Pyr-10, Bap-0.1, Bap-1, and Bap-10 are the abbreviations of treatments of incubation solutions without PAH, with 0.1, 1, and 10 mg/L Phe,
Pyr, and Bap respectively.
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the filter liquors was analyzed for the organic compounds of root
exudates by Gas Chromatography-Mass Spectrometer (GC-MS)
determination. The other 400 ml collected solutions were
evaporated to 20 ml under reduced pressure at 40°C and
filtered with a 0.22-μm aqueous filter membrane, and the filter
liquors were used for analyzing LMWOAs by High Performance
Liquid Chromatography (HPLC) determination, and also the
analysis of dissolved organic carbon (DOC), soluble total sugars
(TS), and total organic acids (TOA).

The GC-MS determination was conducted by using an Agilent
7890A-5975C (Agilent, United States), with a chromatographic

column HP-5MS (30 m × 250 μm × 0.25 µm). The instrument
parameters were described by our former study (Liu et al., 2017),
in which, the injection port temperature was 230°C; the gas flow
rate was 1.0 ml/min; the column temperature started at 80°C, then
underwent a 15°C/min ramp to 200°C, then an 8°C/min ramp to
250°C, which was held for 8 min. The ion-source temperature was
230°C and mass spectra were acquired between m/z 10 and 450.
Compounds were identified by comparison of their mass spectra
with those in the NIST11 library.

The LMWOAs of root exudates were analyzed using an HPLC
method as described by our former study (Liu et al., 2017). The

FIGURE 1 | Effect of PAH stress on the amounts of DOC excreted by B. gymnorrhiza.

FIGURE 2 | Effect of PAH stress on the amount of total soluble sugar (TS) excreted by B. gymnorrhiza.
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analysis was carried out on a Dionex 3000 (ThermoFisher,
Germany) with an AtlantisTM C18 chromatographic column.
The mobile phase was a mixture of 10 mmol/L KH2PO4 (pH 2.7)
and CH3OH with v/v �95:5. The flow rate was 0.5 ml/min. The
wavelength of the detector was 220 nm. Five types of organic acids
including oxalic, tartaric, malic, maleic, and fumaric acid were
determined. All samples and solutions of the mobile phase were
filtered through a 0.22-μmmembrane prior to being injected into the
chromatographic column. The method recovery was above 83.6%.

The DOC concentrations were measured by carbon and
nitrogen analyzer. The TOA and TS concentration was
determined by colorimetric method. The unit of each type of
LMWOA, DOC, TOA, and TS were expressed as mg C per
kilogram of wet plant weight.

Determination of Polycyclic Aromatic
Hydrocarbons
Phenanthrene, pyrene and benzo [a] pyrene in solutions were
determined by HPLC usingWaters2695 chromatograph, detector
was Waters 2489 UV detector, absorption wavelength of 245nm,
and chromatographic column was Athena c18-wp (5 μm, 4.6 ×
150 mm). The mobile phase was 95%methanol and 5% water at a
flow rate of 1 ml/min. The external standard method was used to
determine PAHs, and the peak area method was used to calculate
PAHs content.

Statistical Analyses
All of these experiments were performed in triplicate and the
results presented are average values of the three replicates. Data

were analyzed statistically using analysis of variance and the
Duncan’s multiple range test was used to determine the
significance of the differences between the parameters.
Statistics were calculated using the SPSS statistical software
package (Version 11.0) and the confidence limit was 95%.

RESULTS

Changes of Organic Compounds in Root
Exudates
The organic compounds in root exudates analyzed by GC-MS
determination at different cultural time were shown in
Table 1, 2, 3, in which the components with a similarity of
more than 80% and relative content of more than 0.5% in root
exudates were listed. Through the GC-MS analysis, it can be
seen that the organic compounds in root exudates contained
hydrocarbons, esters, phenols, and amides. Comparing the
change of the detected organic compounds in root exudates
under PAHs stress, it can be seen that after 15 days of PAH
stress (Table 1), the proportion of hydrocarbons significantly
decreased (p < 0.05), the proportion of phenols and esters
slightly decreased, while the proportion of amides significantly
increased (p < 0.05), and which were the main components of
organic compounds in root exudates. For each PAH, the most
species of compounds produced under the medium
concentration (1 mg/L), and comparing the stress under
different PAH with the same concentration, phenanthrene
stress showed the most species of compounds. Under
30 days of PAH stress (Table 2), the proportion of

FIGURE 3 | Effect of PAH stress on the amount of TOA excreted by B. gymnorrhiza.
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hydrocarbon and ester compounds decreased continuously,
while the proportion of phenolic compounds increased. The
composition of root exudates was still dominated by amide
compounds, and its proportion increased comparing with that
of 15 days. Highest diversity of exudate was produced by roots
under high PAHs concentration (10 mg/L). After 45 days
of cultivation, as shown in Table 3, with PAHs stress, the
proportion of hydrocarbon compounds continually decreased,
and amide and phenolic compounds became the main
compounds in root exudates, and the varieties of detected
organic compounds reached the highest.

From the above results, it can be seen that the varieties
and portions of organic compounds were both influenced
by PAHs stress, with the concentration of PAH, and the
time of exposure were the main influence factors.
Generally, the proportion of hydrocarbon compounds in
root exudates decreased, while the varieties of detected
organic compounds increased with the increase of PAH
concentration. Also, the proportion of amide and phenolic
compounds increased with the increase of PAH exposure
time.

Dissolved Organic Carbon, Soluble Total
Sugars, and Total Organic Acid in Root
Exudates
The concentrations of DOC in root exudates with PAHs stress
were higher than that of control during the incubation time
(Figure 1). At the first 15 days cultivation time, the
concentrations of DOC in root exudates increased significantly
under PAHs stress (p < 0.05), and then maintained at a higher
level than the control with a slight fluctuation. The
concentrations of TS and TOA in root exudates increased
firstly and then decreased with PAHs stress, and the
maximum values existed at 15 days (Figures 2, 3). However,
at the end of cultivation time, the concentrations of TS and TOA
in root exudates under PAH stress had no significant difference
with those of control (p < 0.05).

LMWOAs in Root Exudates
From the results of different LMWOAs in root exudates, as shown in
Figures 4, 5, 6, tartaric acid, maleic acid, and fumaric acid were the
commonly detected acids during the cultivation time, and tartaric

FIGURE 4 | The change of LWMOAs in root exudates under Phe tress.
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acid was the predominate LMWOAs in root exudates of B.
gymnorrhiza. The amounts of the three acids were significantly
influenced by PAH stress. For tartaric acid, under PAH stress, it
increased at first, and reached the maximum value at 15 days,
subsequently decreased to a lower amount comparing with that
of control. In contrast, there was no significant difference between
the concentration of maleic acid and fumaric acid with and without
PAH stress (p > 0.05). Specially, oxalic acid and malic acid were
detected at different cultivation time in different treatments. For
example, oxalic acid was only detected at first 15 days cultivation,
and with PAH stress, the amounts of oxalic acid decreased with the
increasing PAH concentration. Malic acid only detected after
15 days of PAH exposure. In total, the exudation of the detected
LMWOAs had decreased in PAHs contaminated groups compared
to the control, indicating that PAHs negatively impacted root
metabolism, and activities due to their toxicity.

Polycyclic Aromatic Hydrocarbons
Concentrations in Solutions
Figure 7 reflects the change of residual PAH in hydroponic solution
during the cultivation time. The three PAHs at different

concentrations showed a decreasing trend with the increase of
cultivation time. At the same sampling time, the PAHs
concentrations detected in hydroponic solution of the treatments
with plants were significantly lower than those of the control
treatments without plants (p < 0.05), indicating a depletion of
PAHs in water by B. gymnorrhiza. The concentrations of PAHs
rapidly decreased at the first 15 days incubation with the sequence of
phenanthrene > pyrene > benzo [a] pyrene. The correlation analysis
between residual PAHs in hydroponic solution and root exudates
(Table 4) showed that there was no significant correlation between
three PAHs in hydroponic solution and DOC, TS, and LWMOAs in
root exudates, indicating that the change of components in root
exudates under PAH stress did not influence the increased depletion
of PAHs in water by B. gymnorrhiza.

DISCUSSION

Root exudates such as carboxylic acids, alcohols, and proteins can
serve as nutrients for the growth of microbes. LMWOAs such as
citric, lactic, oxalic, and glutaric acid, are active components in root
exudates. Recently, more evidence is emerging that LMWOAs can

FIGURE 5 | The change of LWMOAs in root exudates under Pyr tress.
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FIGURE 6 | The change of LWMOAs in root exudates under Bap tress.

FIGURE 7 | The amount of PAHs residual in hydroponic solutions.
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remarkably influence the biodegradation of PAHs (Wang et al.,
2021a; Zhang et al., 2021). However, the root exudates could also be
influenced by PAHs stress. It made a difficult for evaluating the
degradation of PAHs in plant rhizosphere. The variations of root
exudates composition and its content are the concentrated
expression of stimuli-responsive of the plant to the environment.
Most of the researchers attributed this enhancing of root exudation
by adjustment their metabolic process against stress. The changes
observed in the quantities, relative proportions, and chemical
composition. According to the former studies, the response of
exudation of root exudates under PAHs stress varied with
different plant species (Meier et al., 2012; Wang et al., 2021b).

For mangrove plants, there is little knowledge about how root
exudates response to PAH stress except LMWOAs. In this study, it
was found that the varieties and portions of organic compounds
were both influenced by PAHs stress. For example, the proportions
of hydrocarbon compounds in root exudates decreased, while the
proportions of amide and phenolic compounds increased with the
increasing PAH exposure time. With the increase of PAH
concentration, the varieties of detected organic compounds
increased. The previous studies also found that the largest
proportions of phenols were detected under phenanthrene stress
in root exudates of trees, and it was hypothesized that phenanthrene
stress activated the phenol metabolism (Wang et al., 2021b). It is
known that phenolics play a key role in plant-microbe interactions,
which is related to the degradation of organic pollutants.

It has been reported that the contents of soluble organic acids,
oxalic acid, and total soluble sugar in the root exudations of
ryegrass were higher than that of non-contaminated control in
PAHs stress, which increased with the increase of phenanthrene,
anthracene, and naphthalene concentration in the culture
solution (Mleczek et al., 2018). In response to hazardous
elements, oxalic and malic acid were recognized as part of the
response mechanism (Montiel-Rozas et al., 2016). In this study,
the amounts of TOA, TS, and LMWOAs in root exudates
increased firstly, but decreased to the corresponding level of
control at the end of cultivation, indicating that B.
gymnorrhiza had the ability to gradually adapt to PAHs stress.

CONCLUSION

This study showed that the components in root exudates of B.
gymnorrhiza varied significantly under the stress of Phe, Pyr,
and Bap. The proportions of hydrocarbon compounds in root
exudates decreased, but the proportion of amide compounds
increased with PAHs stress. The amounts of DOC, TS, TOA,
and LWMOAs of root exudates increased and reached the
maximum values after 15 days PAHs exposure, and then
dropped after 45 days of exposure. The exist of B.
gymnorrhiza promoted the depletion of PAHs in solutions.
These results indicated that B. gymnorrhiza had the ability to
adapt to PAHs stress and promote the degradation of PAHs
in water.
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TABLE 4 | The correlation between the residual amounts of PAHs and components of root exudates in hydroponic solution.

PAHs treatments

Phe-0.1 Phe-1 Phe-10 Pyr-0.1 Pyr-1 Pyr-10 Bap-0.1 Bap-1 Bap-10

DOC −0.076 −0.985 −0.947 −0.661 −0.668 −0.917 −0.649 −0.727 −0.801
TS −0.13 −0.231 −0.187 −0.168 −0.093 −0.540 0.063 −0.172 −0.232
Oxalic acid 0.332 −0.3 0.103 0.177 0.314 0.835 0.129 0.002 0.217
Tartaric acid −0.827 −0.37 −0.929 −0.185 0.389 0.046 0.212 −0.273 −0.469
Malic acid −0.045 0.024 −0.146 0.086 0.053 −0.774 −0.038 −0.088 0.141
Maleic acid −0.085 −0.044 −0.223 −0.641 0.244 −0.401 −0.038 −0.613 −0.043
Fumaric acid 0.344 −0.821 −0.146 −0.921 −0.603 −0.182 −0.793 −0.807 −0.844

*CK, Phe-0.1, Phe-1, Phe-10, Pyr-0.1, Pyr-1, Pyr-10, Bap-0.1, Bap-1, and Bap-10 are the abbreviations of treatments of incubation solutions without PAH, with 0.1, 1, and 10 mg/L phe,
Pyr, and Bap respectively.
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