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The stability of soil organic matter (SOM) is crucial for metal transport and carbon cycling. S,S-
ethylenediaminedisuccinic acid (EDDS) is widely used to enhance phytoremediation efficiency for heavy
metals in contaminated soils, yet its specific impacts on SOM have been underexplored. This study investigates
the effects of EDDS on SOM stability using a rhizobox experiment with ryegrass. Changes in soil dissolved organic
matter (DOM) quantity and molecular composition were analyzed via Fourier transform ion cyclotron resonance
mass spectrometry. Results showed that the use of EDDS increased the uptake of Cu, Cd and Pb by ryegrass, but
simultaneously induced the destabilization and transformation of SOM. After 7 days of EDDS application, dis-
solved organic carbon (DOC) and nitrogen (DON) concentrations in rhizosphere soils increased significantly by
3.44 and 10.2 times, respectively. In addition, EDDS reduced lipids (56.3%) and proteins/amino sugars-like
compounds (52.1%), while increasing tannins (9.11%) and condensed aromatics-like compounds (24.4%) in
the rhizosphere DOM. These effects likely stem from EDDS’s dual action: extracting Fe/Al from SOM-mineral
aggregates, releasing SOM into the DOM pool, and promoting microbial degradation of bioavailable carbon
through chain scission and dehydration. Our study firstly revealed that the application of EDDS in phytor-
emediation increased the mineralization of SOM and release of COy from soil to the atmosphere, which is
important to assess the carbon budget of phytoremediation and develop climate-smart strategy in future.

1. Introduction 2019; Wang et al., 2023). Chelate-assisted phytoremediation is one of

the most widely used technologies for remediating soils contaminated

Soil organic matter (SOM) constitutes the largest carbon pool in
terrestrial ecosystem (Beillouin et al., 2023). Recently, the stability of
SOM has received great attention, because a small change in the turn-
over of soil C can influence the emission of CO, to atmosphere and affect
global C cycling (Chen et al., 2019). Heavy metal pollution is a global
issue in soils, with particularly high proportions (13.3%) of soil
contamination occurring in China (Zhao et al., 2015; Antoniadis et al.,
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by heavy metals (Garbisu and Alkorta, 2001; Harmon, 2022). S,
S-ethylenediaminedisuccinic acid (EDDS), a biodegradable chelating
agent, is frequently applied in soils to increase the bioavailability of
heavy metals and enhance the efficiency of phytoremediation (Luo et al.,
2006; Attinti et al., 2017). EDDS can affect soil minerals, soil physical
structure, microbial communities, enzymatic activity, and the stability
of SOM (Luo et al., 2015). However, previous studies primarily focused
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on the extraction efficiency of EDDS on heavy metals, while the impacts
of EDDS on the preservation of soil C have been rarely studied. To
mitigate the climate warming, it is worth paying more attention on the
variation of SOM stability and carbon emission during soil remediation.
A better understanding of soil C turn over in EDDS-assisted phytor-
emediation is urgently needed.

Soil organic matters (SOM) are largely adsorbed on minerals (e.g.,
goethite, hematite, and gibbsite) through ligand exchange, electrostatic
attraction, or oxide-cation bridging (Yao et al., 2019; Li et al., 2021).
Previous studies have revealed that EDDS causes soil mineral dissolution
by complexing with Fe, Al or Ca from metal oxides (Tsang et al., 2009;
Beiyuan et al., 2017). With the dissolution of minerals or the destruction
of organic-metal linkages, organic matter is prone to being released into
aqueous solution, forming the dissolved organic matter (DOM) (Tsang
et al., 2007; Yip et al., 2009). However, the dissolution of SOM induced
by EDDS is predominantly observed during EDDS-assisted soil flushing
or washing, wherein the soil-solution ratio, EDDS dosage, and reaction
modes notably vary from those in situ EDDS-assisted phytoremediation.
Whether and to what extent EDDS influences the SOM stability and DOM
pool in phytoremediation is uncertain. Besides, the interactions among
EDDS, plant roots, and microbes are complex in the rhizosphere of
plants. EDDS potentially affects the stability of SOM by altering the
microbial growth and activities (Yang et al., 2013; Fang et al., 2017). In
addition, plant respiration may affect the transport and distribution of
EDDS in rhizosphere (Zhao et al., 2020). The connection between EDDS,
roots, microbes, and soil C in the plant rhizosphere during phytor-
emediation remain unclear.

DOM, as the most mobile and active fraction of soil, plays a crucial
role in soil C turnover (Sheng et al., 2023). DOM is particularly sus-
ceptible to decomposition by microbes or leaching with runoff (Gan
et al., 2021). Therefore, the increase in soil DOM resulting from certain
treatments suggests the destabilization of SOM. Soil DOM is an organic
mixture with extreme complexity that contains thousands of molecules.
The change in DOM composition, particularly at the molecular level,
provides a window to observe the process of organic matter turnover in
soil (Wu et al., 2023). Yet, little is known about how EDDS affects the
preservation of soil C through the disturbance of the DOM pool. In recent
years, the rapid development of electrospray ionization Fourier trans-
form ion cyclotron resonance mass spectrometry (ESI-FT-ICR MS) pro-
vides a good opportunity to analyze the molecular composition of DOM.
ESI-FT-ICR MS have been demonstrated to be effective to identify
thousands of individual DOM formulae simultaneously (Perminova
et al., 2014; Qi et al., 2022). The understanding of DOM transformation
at the molecular level is crucial for gaining a comprehensive insight into
the stability of soil C and the mechanisms of potential C loss during
EDDS-assisted phytoremediation. Thus, practical recommendations can
be provided to engineers to develop the win-win phytoremediation
strategies that are effective in removing both heavy metal pollution and
reducing C emission.

Therefore, the objectives of this work were to investigate the impacts
of EDDS on the quantity and molecular composition of rhizosphere soil
DOM during EDDS-assisted phytoremediation and to elucidate the un-
derlying mechanisms. Ryegrass is selected as a representative plant due
to its fast growth rate, high tolerance to heavy metals, and frequent use
in conjunction with EDDS in phytoremediation. Ryegrass was grown in a
multi-interlayer rhizobox to separate the rhizosphere and non-
rhizosphere soils. ESI-FT-ICR MS is employed together with conven-
tional three-dimension excitation emission matrix (EEM) spectroscopy
to acquire molecular information and optical properties of soil DOM.

2. Materials and methods
2.1. Soil sampling and materials

Soil samples used for phytoremediation experiments were collected
from an abandoned Cu mine in the town of Tangshan (32°03'N,
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118°47'W) in Nanjing, Jiangsu, China. The physiochemical properties of
polluted soils were analyzed according to Cater and Gregorich (2006)
and the results were as follows: the pH (CaCly) of 7.72, sand/silt/clay of
32%,/47%/21%, total organic carbon of 18.6 g kg™, total organic ni-
trogen of 1.72 g kg_l, total Cd, Cu, Pb and Zn of 1.72, 805, 67.2, and
230 mg kg’l, respectively and total Fe, Ca, and Al of 40.8, 18.6, and
39.1 g kg™, respectively.

A multi-interlayer rhizobox was used for plant growth (Fig. S1),
which was separated into six compartments by the nylon mesh (<25
pm). Ryegrass seedlings were planted in the leftmost compartment
(rhizosphere) of the multi-interlayer rhizobox. Plant roots cannot
penetrate through the nylon mesh, but soil solution was able to transport
between the compartments. The leftmost compartment (2 cm) was
rhizosphere, and the adjacent five compartments were non-rhizosphere
soils with different distances (0-1, 1-2, 2-3, 3-4, 4-6 c¢m) to rhizo-
sphere. A total of 240-, 120-, 120-, 120-, 120- and 240-g soils were
packed into six compartments from rhizosphere to non-rhizosphere
compartments.

2.2. Incubation experiment

Ryegrass seeds were sterilized (95% ethanol), washed, and germi-
nated for seven days. Rygrass seedlings were cultivated in the rhizobox
under controlled conditions of temperature, relative humidity and
photoluminescence (25 °C/60%,/325 pmol photons m~2 s™1/16 h day
and 20 C/60%,/0 pmol photons m~2 s~1/8 h night) in a climate growth
chamber. The soil moisture in rhizoboxes was kept at 60% maximum
water holding capacity by supplementing deionized water periodically.
After three weeks, 120 mM EDDS (Nas-S,S-EDDS, Sigma-Aldrich, Ger-
many) was added to the rhizobox from the top of soil surface to achieve a
dosage of 5 mM kg . A group of rhizoboxes treated by the same amount
of deionized water as EDDS-containing solution was set as control. A
group of rhizoboxes with the same treatment of EDDS but without plant
growth was set as another control. Each rhizobox group with or without
EDDS treatment had three replicates.

After EDDS treatment for 7 d, the aboveground parts of ryegrass were
removed from rhizoboxes and fresh soils were collected from rhizo-
sphere and non-rhizosphere compartments. Plant roots were carefully
removed from the rhizosphere soils (Fig. S1). Soils were collected from
each compartment of the rhizobox destructively.

Plant roots and shoots were separated, washed and oven-dried at
105 °C for 48 h before the dry weight were recorded. Root and shoot
samples were ground and digested with 4:1 (v/v) concentrated HNO3
and HClO4, The concentrations of heavy metals (Cd, Cu, Pb, Zn) in plant
digest were measured by inductively coupled plasma-mass spectrometry
(ICP-MS, Agilent 7700 series). Soil moisture was determined by
weighing fresh and dried soil at 105 °C for 48 h.

EDDS remaining in soils was extracted from 1 g freeze-dried soils
using 10 ml deionized water for 2 h. EDDS in filtered solution was
derivate to FeEDDS and analyzed by high performance liquid chroma-
tography system equipped with an Ultraviolet-Visible (UV-vis) detector
(HPLC-UV, Waters 2487) and a reversed-phase C18 column (259 x 4.6
mm, 5 pm) (Inertsil ODS-3, Shimadzu, Japan) (Katata et al., 2006; Zhao
et al., 2020). The eluent for the FeEDDS method consisted of methanol
and 0.02 M tetrabutylammoniumbromide (10:90, v:v) at pH 4.0, applied
at a flow rate of 1 mL min~! in the isocratic elution mode.

Total dissolved organic carbon (TDOC) and total dissolved nitrogen
(TDN) were extracted from fresh soils with deionized water at a ratio of
1:10 (w:v) on a dry weight soil basis for 2 h, filtered (0.45 pm) and
analyzed by automated TOC/TN Analyzer (Shimadzu). The NHj and
NO3 from soil extracts were analyzed by a portable colorimeter (DR890,
Hach) (Cater and Gregorich, 2006). Soil DOC was the difference be-
tween TDOC and EDDS-C. Soil DON was calculated by subtracting
EDDS-N, NO3-N and NH4-N from TDN, as NO3-N was negligible. Soil
available P was extracted by NaHCOs3 and analyzed by molybdenum
antimony resistance-colorimetry (Margesin and Schinner, 2005). The
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dissolved heavy metals and mineral cations (Cd, Cu, Pb, Zn, Fe, Mn, Ca,
Mg and Al) in soil extracts were measured by ICP-MS.

2.3. Analysis of soil microbial biomass C/N and enzyme activities

Microbial biomass carbon and microbial biomass nitrogen were
measured by the chloroform fumigation-K3SO4 extraction method
(Vance et al., 1987). Five grams (dry weight) of fresh soil samples were
placed in a vacuum desiccator containing a small amount of NaOH,
water, and ethanol-free chloroform. After evacuating the air to maintain
the chloroform boiling for 3-5 min, transfer the desiccator to fumigate
the soil under dark at 25 °C for 24 h. Evacuate again to completely
remove chloroform from the soil. The fumigated soil and non-fumigated
blanks were extracted by 0.5 M KySO4 with a ratio of 5:1 (w:v). The
organic carbon and total nitrogen content in the extraction solutions
were measured by a TOC/TN Analyzer. The microbial biomass carbon
and nitrogen are calculated by dividing the difference in organic carbon
and nitrogen content between fumigated and non-fumigated soil sam-
ples by the conversion factor (0.45) (Vance et al., 1987).

Soil urease activity was measured using the indophenol blue color-
imetric method, with urea as a substrate, and quantified with a spec-
trophotometer at 578 nm (Guan, 1986). Soil saccharase activity was
determined using the 3,5-dinitrosalicylic acid colorimetric method, with
sucrose as the substrate, and quantified at 508 nm (Guan, 1986). Acid
phosphatase activity was measured using the p-nitrophenyl phosphate
colorimetric method and quantified at 400 nm (Eivazi and Tabatabai,
1977; Dick, 2011).

2.4. Analysis of optical and molecular characterization of soil DOM

To extract DOM, deionized water was added to soil at solid-solution
ratio of 1:10 (w:v). The mixture was shaken on an end-over-end rotator
(12 h at 30 rpm at 20 °C), centrifuged (4000 rpm for 10 min), filtered
(0.45 pm) and stored at 4 °C for further analysis.

Three-dimension excitation emission matrix (3D-EEM) spectra of soil
DOM were recorded using a spectrofluorometer (Aqualog, Horiba). All
soil extracts were diluted to ~7-8 mg/L of DOC before analysis, to
ensure the absorbance at 254 nm < 0.3 and minimize the inner filter
effects (Ohno, 2002). The 3D-EEM spectra were scanned in excitation
(Ex) range of 240-600 nm with an increment of 3 nm and emission (Em)
range of 213.033-619.454 nm with an increment of 1.64 nm. The
integration time of the measurements was 1 s according to the fluores-
cence intensity of samples. The DrEEM toolbox in MATLAB was used to
remove the first and second Rayleigh and Raman Scatter from EEM
spectra and normalized to Raman units (RU). The PARAFAC modeling
was performed to excavate fluorescence components by non-negativity
constraints, residual analysis, split-half analysis, and visual inspection
(Stedmon and Bro, 2008). The relative percentages of the individual
fluorescent components were estimated by their maximum fluorescence
intensity (Fmax). The parameters, including fluorescence index (FI),
biological index (BIX) and humification index (HIX), were calculated by
equations shown in Supporting Information (SI) (Wang et al., 2022b; Yi
et al., 2023).

Soil DOM from rhizosphere and non-rhizosphere (3-4 cm) were
selected for molecular characterization by electrospray ionization
coupled to Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FT-ICR MS, Bruker Daltonics Solarix XR 7.0T). Before ESI-FT-ICR
MS analysis, DOM extracts from three soil repeats were combined,
desalinated, and concentrated by solid-phase extraction (SPE) with
styrene-divinyl-benzene polymer cartridges (Varian Bond PPL Elute, 1 g
per 6 mL). The SPE procedures were as follows: 1) DOM extracts were
acidified to pH = 2 by HCI; 2) 12 mL HPLC methanol and 12 mL acidified
ultrapure water (pH = 2) were passed through cartridges for clean-up; 3)
acidified DOM extracts were passed through the PPL cartridges via
vacuum pump; 4) 18 mL acidified ultrapure water was passed through
cartridges to remove salts; 5) cartridges were dried with Ny gas for 10
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min to eliminate the interferences of residual HCl and water to mea-
surement; 6) DOM was collected from the cartridges using 2 mL of HPLC
methanol (Dittmar et al., 2008; Gan et al., 2021). DOM elutes of stored
at —20 °C in dark prior to ESI FT-ICR MS measurement. The recovery
rate of DOM in SPE treatment ranges from 57.3% to 79.8%. The refer-
ence Suwannee River natural organic matter (SRNOM 2R101N) ob-
tained from the International Humic Substances Society was used as
quality control.

Soil DOM elutes obtained above were diluted with ultrapure water to
give a final sample composition of 1:1 (v:v) methanol:water with DOC
about 25 mg/L for analysis on the FT-ICR MS. Samples were continu-
ously infused into the electrospray ionization (ESI) unit using a Hamil-
ton syringe at a flow rate of 2 pL/min. Samples were ionized by ESI in
negative ion mode. The electrospray voltage was kept at 4000 V. Mass
spectra were acquired over 300 scans with an ion accumulation rate
time of 0.1 s and a m/z of 150-800. The instrument was externally
calibrated with sodium trifluoroacetate. Sample spectra were internally
calibrated with Suwannee River fulvic acid, and the mean square errors
of internal calibration were <0.2 ppm. PPL extraction blanks were
analyzed together with soil DOM samples to check contamination and
peaks from blanks were removed from sample spectra. Molecular for-
mula were assigned to peaks with signal-to-noise ratio >6 using the
TRFu code written by Fu et al. (2020) in MATLAB. The tolerance of mass
error of a given peak between measured mass and theoretical mass was
set to 1.0 ppm. The aromaticity index (Alp,q), double bond equivalent
(DBE) and nominal oxidation state of carbon (NOSC) were calculated
based on each molecular formula according to equations shown in SI.
The average values of m/z, C, H, O, N, S, P, Al 04, DBE and NOSC were
calculated using the intensity-weighted method. The van Krevelen (VK)
diagram was constructed and divided into seven chemical groups based
on the ratio of hydrogen to carbon (H/C) and ratio of oxygen to carbon
(0/C): 1) lipids (O/C = 0-0.3, H/C = 1.5-2.0), 2) proteins and amino
sugars (O/C = 0.3-0.67, H/C = 1.5-2.2), 3) carbohydrates (O/C =
0.67-1.2; H/C = 1.5-2.4), 4) unsaturated hydrocarbons (O/C = 0-0.1,
H/C = 0.7-1.5), 5) lignins (O/C = 0.1-0.67, H/C = 0.7-1.5), 6) tannins
(0/C =0.67-1.2, H/C = 0.5-1.5), and 7) condensed aromatics (O/C =
0-0.67, H/C = 0.2-0.7) (Trainer et al., 2021; Han et al., 2022; Huang
et al., 2022).

2.5. Statistical analysis

The significance of differences between the means of two groups was
evaluated by the Dunnett (two-sided) post-hoc test (*P < 0.05 and **P
< 0.01) using SPSS 19.0. The one-way analysis of variation (ANOVA)
was performed to assess the differences between multiple groups using
the Duncan Test at a significance level of 0.05. Association between
multiple biochemical parameters was analyzed using Pearson’s corre-
lation analysis. The partial least squares path modeling (PLS-PM) was
conducted using package “plspm” of R 4.3.1 to reveal the causal re-
lationships among the latent variables. The model performance was
evaluated by the goodness of fit index.

3. Results and discussion

3.1. Distribution of EDDS in the rhizobox and influence on
phytoremediation efficiency

EDDS-containing solution was evenly added to each compartment of
the multi-interlayer rhizobox with care, and its distribution in rhizobox
after 7 d is shown in Fig. 1a. Compared to the initial dosage (5 mmol
kg™1), 81.8% and 84.6% of EDDS remained in planted and unplanted
rhizoboxes, respectively. EDDS was evenly distributed in each
compartment of unplanted rhizobox, while EDDS was highly accumu-
lated in the rhizosphere and its concentration decreased with the
increasing distance from rhizosphere in the planted rhizobox. The con-
trasting distribution pattern of EDDS in planted and unplanted
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Fig. 1. EDDS concentration (a), soil moisture content (b), dissolved heavy metals (c-f) in rhizobox soils, and concentrations of heavy metals in ryegrass root (g) and
shoot (h) as well as plant biomass of ryegrass (i). (Different letters indicate significant differences across treatments according to Duncan’s test at P < 0.05, * and **
represent significant difference by Dunnett’s test at P < 0.05 and P < 0.01, respectively).

rhizoboxes suggested the horizontal transport of EDDS from the far-
rhizosphere to the rhizosphere of ryegrass in the planted rhizobox. As
supported by the content of soil moisture (Fig. 1b), dense ryegrass roots
(Fig. S1) created a water potential gradient in surrounding soils and thus
drove the transport of soil solutions containing soluble EDDS from the
far-rhizosphere to near-rhizosphere and rhizosphere (Tang et al., 2023).

After application of EDDS, the concentrations of dissolved Cd, Cu, Pb
and Zn in soils increased by 0.46-80.5, 208-643, 0-56.2, and 5.5-51.3
folds respectively (Fig. 1c—f). The concentrations of dissolved heavy
metals in the rhizosphere were much higher than that in the non-
rhizosphere. This can be due to the more intense extraction of heavy
metals by the higher concentration of EDDS in the rhizosphere than the
non-rhizosphere (Yang et al., 2012; Luo et al., 2015), as well as the
transport of soluble metals from the non-rhizosphere to rhizosphere.
With the significant increase of soluble heavy metals in the rhizosphere
following the application of EDDS, the concentrations of Cd and Pb in
ryegrass roots increased by 2.86 and 2.50 folds, respectively (Fig. 1g),

and the concentrations of Cd, Cu, Pb and Zn in shoots increased by 5.09,
5.34, 4.75, and 1.14 folds, reaching 2.82, 333, 3.66 and 97.4 mg kg™,
respectively (Fig. 1h). The translocation factor (TF), indicating the
translocation efficiency of heavy metals from root to shoot, was calcu-
lated as the ratio of shoot to root heavy metals. EDDS increased the TF of
Cd, Cu, Pb and Zn by 31.8%, 410%, 36.0%, and 62.7%, respectively.
EDDS exhibited better performance on facilitating phytoremediation of
Cu compared to other metals, which was probably correlated with the
higher affinity between EDDS and Cu, as well as the presence of more
available Cu for EDDS extraction in soils (Wang et al., 2022a). In addi-
tion, EDDS showed no inhibition effects on ryegrass growth (Fig. 1i).
Therefore, the application of EDDS effectively solubilized heavy metals
(particularly for Cu) from soils, and increased the uptake and trans-
location of heavy metals from root to shoot.
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3.2. Influence of EDDS on DOM quantity in the rhizosphere and non-
rhizosphere

To study the variation in stability of SOM after EDDS-assisted phy-
toremediation, the concentrations of DOC and DON were investigated in
the rhizobox. By excluding the contribution of C and N from exogenous
EDDS itself, it is seen that the application of EDDS led to the obvious
increase of average soil DOC by 180% and DON by 627% in the planted
rhizobox (Fig. 2a and b), which can be interpreted by the partial
degradation of EDDS or dissolution of SOM. In consideration of that the
added EDDS can be transformed to N-(2-aminoethyl)aspartic acid, then
to ethylenediamine, and finally to NH and CO5 (Chen et al., 2010). The
degradation of EDDS in the planted rhizobox at most contributed 19.1%
to the changes of DOC and 37.8% for DON, when no EDDS was miner-
alized. Therefore, instead of EDDS degradation, SOM dissolution should
be the major reason responsible for the substantial changes of soil DOC
and DON after EDDS application. After such a short application period,
the content of SOM dissolved by EDDS at least accounted for 2.10% of
the total. So, the issues of SOM dissolution induced by EDDS deserves
more attention in practice. In contrast to DOC/DON, the concentration
of available P in soils was not affected by EDDS (Fig. 2¢), indicating that
the newly dissolved organic matter contains few P.

The mobilization of SOM can be caused by the dissolution of Fe-, Al-
or Ca-oxides induced by EDDS, as these minerals are important soil
components for organic matters adsorption via ligand exchange, cation
bridge, van der Waals and hydrogen bond (Yip et al., 2009; Begum et al.,
2020). In this study, SOM dissolution largely relied on the dissolution of
soil Fe and Al (Fig. 2d and e) instead of Ca (Fig. 2f), as evidenced by the
remarkable increase of dissolved Fe by 3.47-60.2 folds and dissolved Al
by 3.14-5.31 folds in EDDS-added soils. In particular, EDDS can desta-
bilize the Fe-O bond formed between iron oxides and organic matters,
complex with Fe through ligand exchange reactions, and then release
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the adsorbed organic matters to soil solutions (Komarek et al., 2009;
Han et al., 2021). In addition, DOC/DON showed increasing trends with
the decrease of distance to rhizosphere, which is probably due to the
more intensive dissolution of soil mineral and organic matters induced
by the higher concentration of EDDS in rhizosphere and
near-rhizosphere. On the other hand, the transport of solubilized organic
matters through the water potential gradient can also contribute to the
higher concentrations of DOC/DON in rhizosphere.

3.3. Influence of EDDS on microbial biomass and enzyme activities in the
rhizosphere and non-rhizosphere

Soil microbes play an important role in decomposition and miner-
alization of SOM, and thus the microbial biomass C/N and enzyme ac-
tivities in the rhizobox were investigated (Li et al., 2023). As shown in
Fig. 3, the microbial biomass carbon (MBC) and microbial biomass ni-
trogen (MBN) increased by 3.04-43.9% and 48.0-290%, respectively, in
EDDS-added soils compared to control (Fig. 3a and b), and they showed
strong positive correlation with EDDS (r = 0.84 for MBC, and r = 0.96
for MBN). Similarly, Wang et al. (2018) also reported increased micro-
bial biomass in EDDS-added soils. The biodegradable EDDS itself prob-
ably provided fresh C and N-source and stimulate microbial growth
rapidly, as evidenced by the increase of soil mineral N (Table S1) (Yang
etal., 2013; Fang et al., 2017). Furthermore, soil microbes can also gain
additional nutrients that released from the dissolution of SOM caused by
EDDS application (Kaurin et al., 2020).

Urease can catalyze the hydrolysis of urea and some amides, which is
associated with N-cycling microbes (Tu et al., 2020). Compared to
control, EDDS enhanced urease activities by 29.4% in rhizosphere but
showed no effects in non-rhizosphere (Fig. 3c). Beiyuan et al. (2017) also
measured an increase of urease activities in EDDS-washed soils, but Ju

et al. (2020) found no effect of EDDS on urease activities in
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phytoremediation. The different response of urease activities in rhizo-
sphere and non-rhizosphere can be correlated to the concentration of
EDDS in soils. Saccharase can hydrolyze sucrose to monosaccharide and
reflects the activities of soil microbes on soil C decomposition (Xu et al.,
2023). EDDS application generally increased saccharase activities, but
the increment extent of saccharase activities decreased from 127% to
0.04% with the decrease of distance to rhizosphere (Fig. 3d). The
decreased effects of EDDS on saccharase activities in rhizosphere and
near-rhizosphere could be correlated to the toxicity of increased solu-
bilized heavy metals (Fig. 1c—f) (Ju et al., 2020). Soluble heavy metals
impair saccharase activities in soils, so the promotion effects of EDDS on
saccharase were probably compromised by the inhibition effects of
elevated soluble Cd, Cu, Pb and Zn in rhizosphere and near-rhizosphere
(Han et al., 2020). Acid phosphatase helps organic phosphorus to
mineralize and produce inorganic phosphorus (Chen et al., 2023). EDDS
exhibited no significant impacts on the activities of acid phosphatase
(Fig. 3e), as supported by the findings that EDDS did not affect the
available P of soils (Fig. 2c).

3.4. Influence of EDDS on fluorescence composition of soil DOM in the
rhizosphere and non-rhizosphere

The characteristic of soil DOM composition reflects its bioavailability
and potential to be mineralized. However, to our knowledge, the im-
pacts of EDDS on the composition of soil DOM have been rarely studied.
Herein, the fluorescence composition of soil DOM after EDDS applica-
tion was recorded by 3D-EEM, and the spectral parameters are listed in
Table 1. HIX is a measure of the complexity and the aromatic nature of
DOM (Santana-casiano et al., 2022). EDDS application increased HIX by
93.3%-41.6% from rhizosphere to non-rhizosphere, indicating the
increment of high-molecular-weight aromatics in DOM. BIX reflects the
proportion of newly and microbially produced DOM (El-naggar et al.,
2020). FI indicates the allochthonous or autochthonous source of DOM
(Wang et al., 2022b). The values of BIX and FI had no significant

Table 1
Fluorescence indices of DOM in rhizobox soils with/without EDDS application.

Distance from FI HIX BIX Cl1% C2% C3%

rhizosphere (cm

Control

0 1.5+ 8.1+ 0.5+ 44 30 26
0.0a 0.9¢ 0.0a +2c +2a +2a

0-1 1.5+ 9.2 + 0.5+ 44 32 24
0.0a 0.9bc 0.0a +1c +la +2a

1-2 1.4 + 9.8 + 0.5+ 45 30 25
0.0b 0.7bc 0.0a +2bc +3a +3a

2-3 1.4 + 10.1 + 0.5+ 45 32 23
0.0 ab 2.0bc 0.0a +1c +la +2a

3-4 1.4 + 10.2 + 0.5+ 46 34 21+2
0.0 ab 1.1bc 0.0a +2bc +la ab

4-6 1.4 + 10.3 + 0.5+ 43 32 25
0.1 ab 0.9b 0.0a +2c +2a +2a

EDDS-added

0 1.5+ 15.6 + 0.5+ 55 34 11
0.0a 3.8a 0.0a +3a +2a +1d

0-1 1.5+ 15.1 + 0.5+ 53 32 14
0.0a 1.3a 0.0a +3a +2a +lc

1-2 1.5+ 14.7 + 0.5+ 50+2 34 16
0.0a 2.1a 0.0a ab +la +1bc

2-3 1.5+ 14.6 + 0.5+ 50+1 32 18
0.0a 2.0a 0.0a ab +la +1b

3-4 1.5+ 14.7 + 0.5+ 49 34 18
0.0a 1.5a 0.0a +3b +la +2bc

4-6 1.5+ 145 + 0.5+ 51+2 33 16
0.0a 1.9a 0.0a ab +2a +2bc

variation after EDDS application. Furthermore, to understand the
compositional changes of 3D-EEM spectra of soil DOM, PARAFAC
modelling was used to extract fluorescent components from the complex
matrix. Three fluorescent components were identified (Fig. 4), including
Cl (Apx/Em=<250(314), 417), C2 (Agx/Em = 260(366), 492) and C3
(Aex/Em = 266, 417). By comparing these fluorescent components to
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Fig. 4. Contour plots of the three components identified using the EEM-PARAFAC in all soil extracts.
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OpenFluor library, C1 and C2 referred to humic-like substance with high
molecular weight, and C3 resembled to humic-like substance with low
molecular weight (Ishii and Boyer, 2012; Mostofa et al., 2019). After
application of EDDS, the percentage of C1 increased by 25.0%-18.6%,
and the percentage of C3 decreased by 57.7%-36.0% from the rhizo-
sphere to non-rhizosphere (Table 1), revealing that EDDS led to the high
molecular weight humic-like substance prevail in DOM pool. Breaking of
Fe/Al bridges by EDDS can cause the detachment of OM-Fe or OM-Al
complex and promote the release of C1 (Piccolo and Drosos, 2024).

3.5. Influence of EDDS on molecular composition of DOM in the
rhizosphere and non-rhizosphere

The molecular signature of rhizosphere and non-rhizosphere DOM
were investigated by ESI-FT-ICR MS. In the control group, a total of 5739
and 4618 formulae were identified in rhizosphere and non-rhizosphere
soils, respectively. In the EDDS-added group, a larger number of
formulae (7569 and 6191) were detected, indicating that EDDS
heightened the molecular chemodiversity of soil DOM. EDDS-induced
alterations in molecular characteristic parameters of soil DOM were
observed (Table S2). The parameter DBE reflects the double bond
structure of DOM (Lv et al., 2016), and the average DBE,,; increased by
7.04% and 7.60% in EDDS-added rhizosphere and non-rhizosphere soils
compared to those in control soils. Similarly, the average Al q repre-
senting aromatic structures showed a slight elevation (Wang et al.,
2020). Both aromatic (0.5 < Aloq < 0.67) and condensed aromatic
(Aloq > 0.67) compounds exhibited increments by 39.5-42.1% and
54.7-60.0% in EDDS-added rhizosphere and non-rhizosphere soils,
respectively. This suggests that EDDS increased the presence of poly-
phenols and condensed aromatics in DOM, aligning with the EEM results
that indicated higher HIX values in EDDS-added soils compared to
control soils.

To investigate the alteration of EDDS on soil DOM composition, the
thousands of compounds in each sample were grouped into eight cate-
gories according to their elemental composition (Fig. 5a). CHO and
CHON emerged as the predominant compounds, constituting
86.3-93.7% of all samples. EDDS induced a notable increase in the
percentages of CHON compounds in both rhizosphere (from 31.9% to
43.2%) and non-rhizosphere (from 31.9% to 40.3%), while the pro-
portions of CHO compounds exhibited corresponding decreases from
60.9% to 50.4% in rhizosphere and from 54.3% to 53.4% in non-
rhizosphere. The elevation in CHON compounds agrees with the more
substantial increase in DON compared to DOC following EDDS appli-
cation (Fig. 2). Utilizing the characteristic ratios of H/C and O/C in
molecular formulae, the compounds in each sample were classified into
seven biogeochemical classes of DOM (Fig. 5b and c). After applying
EDDS, tannin-like compounds increased by 9.11% and 11.3% in the
rhizosphere and non-rhizosphere, respectively. Meanwhile, condensed
aromatics-like compounds increased by 24.4% and 26.5%, respectively.
In contrast, lipid-like compounds decreased by 56.3% and 63.9% in the
rhizosphere and non-rhizosphere, and proteins/amino sugars-like com-
pounds decreased by 52.1% and 49.5%, respectively. In summary, EDDS
led to an augmentation in CHON, tannins-, and condensed aromatics-
like compounds, accompanied by a reduction in CHO, proteins-, and
amino sugar-like compounds in the DOM pool. The degree of molecular
transformation of DOM in the rhizosphere surpassed that in the non-
rhizosphere, aligning with the higher concentration of EDDS observed
in the rhizosphere.

To gain insight into the transformation of soil DOM during EDDS-
assisted phytoremediation, three categories of formulae-unchanged,
degraded and newly formed-were identified by comparing DOM
formulae in the control and EDDS-added groups (Fig. 5¢—f). The control
and EDDS-added soils shared 4971 (rhizosphere) and 4038 (non-rhizo-
sphere) formulae in common, which were considered as unchanged
DOM species affected by EDDS (Fig. 5c—e). They were mainly lignins-
like compounds. In contrast, 766 and 613 unique formulae were
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observed in the control but lost in the EDDS-added group. These com-
pounds, mainly CHO compounds belonging to lipids-, proteins/amino
sugars-, and lignins-like compounds, are susceptible to degradation by
soil microbes (Fig. 5d—f) (Gong et al., 2022). As indicated earlier (Fig. 3),
EDDS heightened soil microbial biomass and enzyme activities, poten-
tially accelerating the microbial consumption of these bioavailable DOM
compounds. Additionally, 2596 and 2152 formulae, exclusively
observed in EDDS-added rhizosphere and non-rhizosphere soils and
absent in the control, were designated as newly formed DOM species
(Fig. 5d-f). They were N-rich compounds that mostly belonged to the
lignins-like compounds with high O/C ratios, tannins- and condensed
aromatics-like compounds that were typically recalcitrant (Gu et al.,
2023). The newly formed DOM can originate from microbial metabo-
lites, or dissolved SOM induced by EDDS as mentioned above. Therefore,
EDDS probably shifted the molecular composition of DOM pool by
promoting the degradation of bioavailable DOM, production of micro-
bial metabolites, or releasing recalcitrant SOM from soil minerals.

The degraded molecules represent the bioavailable DOM (BDOM),
while the newly formed molecules refer to the recalcitrant DOM
(RDOM). The molecular transformation pathways of BDOM to RDOM in
the rhizosphere and non-rhizosphere, induced by EDDS, were further
analyzed by Kendrick mass defect from the perspective of homologs
(Fig. 6). Homologous series with different numbers of functional groups
(e.g. -CHy, -Hy, -HOH, -COO, -00, -CH30) can be identified by KMD
analysis because they have the same KMD values. At a specific given
KMD value, the number of functional groups increases with the nominal
Kendrick mass. The homologs of degraded DOM from the rhizosphere or
non-rhizosphere had more hydrogen-containing functional groups of
-CHy, -Hy and HOH (Fig. 6a—c, g-i) particularly in the m/z range of
250-500, compared to those of newly formed DOM, suggesting that
EDDS promoted the microbial degradation of BDOM through chain
scission and dehydration (Gu et al., 2023). Besides, the homologs of
newly formed DOM from rhizosphere or non-rhizosphere had more
functional groups of -COO, and -OO (Fig. 6d,e,j,k). As such, the RDOM
molecules can be formed through carboxylation and hydroxylation (Gu
et al., 2023). Overall, the application of EDDS can accelerate the mi-
crobial mineralization of BDOM through chain scission and dehydration,
and the formation of RDOM through carboxylation and hydroxylation.

3.6. Potential mechanisms underlying SOM destabilization induced by
EDDS

According to our rhizobox study, the application of EDDS increased
soil DOC/DON levels and facilitated the biotransformation of DOM in
the ryegrass rhizosphere during EDDS-assisted phytoremediation. With
the use of partial least squares path modeling (PLS-PM) and correlation
analysis (Fig. 7a and b), a conceptual model was developed to explain
the mechanisms that destabilize SOM due to the presence of EDDS
(Fig. 7c). When applying the highly soluble EDDS to soils, it was
transported quickly toward plant roots, probably through the water
potential gradient in the rhizosphere. The transport of EDDS from the
far-rhizosphere to the rhizosphere exacerbated the extent of SOM
destabilization in the plant rhizosphere. The destabilization of SOM in
the EDDS-added rhizosphere can be driven by two main mechanisms.
One mechanism is the direct dissolution: EDDS solubilized Fe from iron
oxides and released the Fe-protected SOM, as suggested by the high path
coefficients between EDDS and Fe (0.963), and between EDDS and soil
DOM (0.991). The tannin and condensed aromatic-like compounds that
were usually adsorbed on iron oxides were thus observed to increase in
the DOM pool (Fig. 5b) (Han et al., 2021; Huang et al., 2019). The
dissolution of soil minerals and organic matter has been previously re-
ported in heavy metal-polluted soils washed by EDDS or EDTA (Tsang
et al., 2007; Zhang et al., 2010). Another mechanism is known as the
“priming effect”: the EDDS was partly degraded after application which
provided a fresh source of carbon and nitrogen for soil microbes, stim-
ulated microbial growth and activities, thereby promoting the
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co-metabolism of BDOM species, as supported by the degradation of
EDDS and the strong positive correlation between EDDS and microbial
activities (0.735) (Fig. 7a). EDDS promoted the transformation and
mineralization of BDOM species, involving lipid and protein/amino
sugar-like compounds, through chain scission, dehydration, carboxyla-
tion, and hydroxylation (Fig. 6). The similar “priming effect” was often
reported by low-molecular-weight acids (LMWOAS), such as oxalic acid
(Ding et al., 2021).

3.7. Implication for phytoremediation

Phytoremediation has been considered as a carbon-negative tech-
nology and recommended for remediating polluted soils and mitigating
climate warming, because plants can remove heavy metals from soils as
well as CO, from the air (Khalid et al., 2016; Simmer and Schnoor,
2022). However, our study revealed that the application of the chelating
agent EDDS increased the uptake of heavy metals by plants, but at the
expense of destabilizing SOM, which would affect the carbon efflux

during phytoremediation. On the one hand, the EDDS-induced soil
dissolution can cause the carbon loss from surface soil, especially during
periods of heavy rainfall. The leached soil DOM can be transported
through surface runoff and potentially mineralized or released as gas in
river or groundwater ecosystems (Chen et al., 2022). Additionally,
EDDS-assisted phytoremediation is a long-term engineering project that
can span several years or even decades. EDDS is typically added multiple
times to soils to enhance the efficiency of phytoremediation for heavy
metals. The repeated application of EDDS could exaggerate the problem
of SOM leaching. On the other hand, EDDS can also activate soil mi-
crobes and accelerate the mineralization of BDOM to CO» through
“priming effect”. So, the application of EDDS can partly increase the
emission of CO5 from soils and decrease the capacity of carbon seques-
tration by plants. More studies are needed to quantitatively assess the
impacts of EDDS on the rate of soil respiration and SOC mineralization at
lab or field scales. Other chelating agents, such as citric acid, oxalic acid,
and nitrilotriacetic acid (NTA), that are frequently employed to enhance
the efficiency of phytoremediation for heavy metals (Li et al., 2020),
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may have similar destabilizing effects on SOM as EDDS. Therefore, the
stability and turnover of SOC during phytoremediation deserve more
attention in the future, particularly when chelating agents were used to
enhance phytoremediation efficiency. In addition, other chelating
agents can be considered as alternatives to EDDS such as humic acid to
accelerate phytoremeidation efficiency without producing “priming ef-
fect” (Halim et al., 2003), in order to achieve a win-win strategy for both
soil remediation and carbon sequestration.

4. Conclusion

This study was undertaken to examine the stability of SOM in the
ryegrass rhizosphere following the application of EDDS, focusing on
changes in both the quantity and composition of soil DOM. The findings
revealed a dual impact of EDDS on SOM dynamics. Firstly, EDDS facil-
itated the extraction of Fe and Al, releasing associated organic com-
pounds, such as lipids (characterized by a high C/O ratio), tannins, and
condensed aromatics, into the DOM pool. Simultaneously, EDDS stim-
ulated microbial biomass and enzyme activities by supplying fresh
carbon (C) and nitrogen (N), thereby promoting the degradation of
native biodegradable DOM (BDOM), including lipids, proteins/amino
sugars, and lignin-like compounds. Furthermore, the transportation of
EDDS from the non-rhizosphere to the rhizosphere intensified the
dissolution of SOM and the degradation of BDOM in the rhizosphere.
This molecular-level analysis of soil DOM significantly expands our
understanding of soil organic carbon stabilization during EDDS-assisted
phytoremediation. The study underscores the efficacy of molecular in-
vestigations into soil DOM as a valuable approach for observing soil
carbon cycling. Notably, the research sheds light on the potential risks of
soil organic carbon loss and emission following EDDS application.
Further studies are warranted to explore the effects of different chelating
agents on alterations in soil organic carbon during phytoremediation.
Such investigations are crucial for developing strategies to control

10

carbon emissions in soil remediation practices. In summary, the mo-
lecular insights gained from this study provide a foundation for
advancing our comprehension of the intricate processes involved in
carbon dynamics within phytoremediation.
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