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A B S T R A C T   

Rice paddies provide optimum conditions for Hg methylation, and paddy soil is a hot spot for Hg methylation and 
the predominant source of methylmercury (MeHg) accumulated in rice grains. The role of dissolved organic 
matter (DOM) in controlling Hg bioavailability and methylation in rice paddy systems remains unclear. Paddy 
soils from eight various cultivation sites in China were chosen to investigate the variations in soil DOM and the 
influence of DOM concentration and optical characteristics on Hg methylation in rice paddy systems. In the 
present study, 151 rhizosphere soil samples were collected, and UV–Vis absorption and fluorescent spectroscopy 
were used to identify the optical properties of DOM. The relationship between MeHg and DOM’s optical property 
indices revealed the production of MeHg consumes lower molecular weight DOM. Moreover, the correlation 
between DOM concentration and its optical characteristics highlighted the significant role of humic components 
on MeHg variability in paddy soil. Variation and correlation results demonstrated the allochthonous origin of 
DOM in the Hg-contaminated soil, with a higher molecular weight and humic character of DOM, as well as the 
dominant role of autochthonous DOM in promoting Hg methylation in uncontaminated soil. The current study 
indicated that soil organic matter and its dissolved fractions tend to limit Hg bioavailability and subsequently 
diminish MeHg production in contaminated paddy soils. Furthermore, the leading roles of allochthonous DOM in 
protecting MeHg from degradation and autochthonous DOM signatures in enhancing MeHg production in paddy 
soils. Overall, these findings provide insight into the correlative distributions of DOM and Hg along a Hg con
centration gradient in paddy soil, thereby highlighting their potential role in controlling Hg bioavailability and 
regulating Hg methylation in the soil ecosystems.   

1. Introduction 

As one of the serious environmental pollutants, mercury (Hg) and its 
organic form methylmercury (MeHg) have gained significant attention 
due to their neurotoxicity to biota. Because of their recurrent wet-dry 
cycles and abundant substrates for microbial activity, shallow flooded 
systems (e.g., rice paddies) provide optimum conditions for Hg 
methylation; therefore, paddy soil was identified as a hotspot of Hg 
methylation and the predominant source of MeHg accumulated in rice 
(Hall et al., 2008; Meng et al., 2010, 2011; Zhao et al., 2016a, 2016b). 

Rice was recognized as a bioaccumulator for MeHg (Gustave et al., 2019; 
Meng et al., 2011; Qiu et al., 2008); furthermore, MeHg bio
accumulation in rice grains can result in significant MeHg exposure to 
humans through rice consumption (Feng et al., 2008; Zhang et al., 
2010), which can be enriched in the human body due to its ability to 
cross the blood-brain barrier, posing health risks (Beckers and Rinklebe, 
2017). 

Organic matter (OM), pH, redox potential (EH), and microbial ac
tivity are known factors influencing the speciation of Hg in natural en
vironments and therefore determine the mobility and bioavailability of 
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Hg (Beckers et al., 2019a, 2019b; Frohne et al., 2012; Liu et al., 2014; Pu 
et al., 2022; Ullrich et al., 2001; Wang et al., 2021; Yang et al., 2007). In 
which dissolved organic matter (DOM), a complex and heterogeneous 
continuum of organic molecules ranging from low to high molecular 
weight, is the most active component in the soil carbon pool, playing an 
essential role in environmental soil chemistry (nutrient circulation, the 
transportation of soil pollutants) and climate change (Chen et al., 2020; 
Gerbig et al., 2011). As the most mobile OM and an essential constituent 
pool of the bulk soil organic matter (SOM), DOM in soils can reflect the 
total SOM and predict its transformations (Kuzyakov et al., 2018). The 
role of DOM on Hg fate has been extensively studied in different envi
ronments. DOM affects Hg redox reactions and complexation, influ
encing microbial Hg uptake and methylation in sediments, floodplain 
soils, and water (Beckers et al., 2019a, 2019b; Bravo et al., 2017; Dong 
et al., 2010; Lin et al., 2014; Wang et al., 2021). Multiple studies re
ported that higher levels of DOM increased Hg bioavailability, methyl
ation, and bioaccumulation (Frohne et al., 2012; Gerbig et al., 2011; 
Hsu-Kim et al., 2013; Schartup et al., 2013; Wang et al., 2021), where 
labile fractions are relatively high and readily biodegradable; it may 
enhance methylation by stimulating microbial growth (Bravo et al., 
2017; French et al., 2014; Graham et al., 2013; Mazrui et al., 2016). 
Conversely, Barkay et al. (1997), Watras et al. (1998), and Ham
merschmidt et al. (2008) showed that DOM inhibits microbial Hg 
methylation due to Hg bioavailability reduction caused by the formation 
of strong complexation of Hg with DOM. To bridge this knowledge gap, 
the DOM’s optical properties are supposed to contribute to its expla
nation which were not fully understood previously, especially in the 
paddy soil environments. Together with the role of soil DOM charac
teristics on the bioavailability of Hg in methylation in paddy soil re
mains unclear to date. Therefore, we conducted this study to find the 
linkage between soil DOM characteristics and Hg methylation in rice 
paddies. 

UV–Vis and excitation-emission matrices (EEMs) have been applied 
as potential methods for identifying DOM’s structure, composition, and 
sources in different ecosystems (Bravo et al., 2017; Coble et al., 2014; 
Eckley et al., 2021; Wang et al., 2022b), which are recognized as 
powerful tools for elucidating the environmental fates of contaminants 
(Jiang et al., 2018, 2017; Kim et al., 2017; Lescord et al., 2018). Jiang 
et al. (2018) used UV–Vis and EEMs to study the influence of DOM 
characteristics on dissolved Hg species in sediment porewater of three 
lakes in southwest China and found essential links between specific 
DOM components and the fate of Hg in the lakes. Wang et al. (2022b) 
demonstrated the effectiveness of UV–Vis and EEMs in determining 
DOM properties and components in farmland and forestland. In terms of 
soil environment, the change of land from native to cultivated alters the 
quality and quantity of DOM; in addition, seasonal fluctuations 
frequently result in variations in temperature, precipitation, microbial 
activity, and other factors that can affect DOM properties (Praise et al., 
2020; Tong et al., 2021). Changes in DOM properties can reflect changes 
in the soil environment. Though, changes in soil DOM characteristics 
with Hg species, mainly production of net MeHg, in different paddies 
have been rarely studied. 

Despite the link between the concentration of DOM and Hg or/and 
MeHg in aquatic and terrestrial systems becoming clearer as identified 
by several reports (Bergamaschi et al., 2012; French et al., 2014; Jiang 
et al., 2018, 2017; 2020; Lescord et al., 2018; Wang et al., 2022a); un
derstanding how DOM’s chemodiversity differed in diverse paddy soil 
and the influence of DOM properties on Hg bioavailability and 
methylation in rice paddy systems remains relatively nascent. According 
to our previous work (Liu et al., 2022a), DOM-Hg had a high Hg 
methylation rate, even higher than aqueous Hg(II) in paddy soils. 
Notably, organic matter-bound Hg is the dominant Hg fraction for 
ambient Hg pool and newly deposited in paddy soils (Liu et al., 2022b). 
Therefore, more information related to DOM in different paddy fields is 
needed for a robust understanding of how DOM in paddy soil influences 
Hg behaviors. We hypothesized that DOM influences not only MeHg 

production but also affects its accumulation in paddy soils. To verify our 
hypothesis, paddy soils from eight various cultivation sites in south
western China, the world’s largest rice producer, which accounts for 
approximately 28% of global rice production (Yuan and Peng, 2022), 
were selected to figure out (i) variations in DOM and Hg species in 
diverse rice paddy soil, and (ii) the potential relationships between the 
concentration/optical properties of DOM and net MeHg production to 
explore its roles on MeHg accumulation and, consequently, its potential 
effects on Hg methylation in rice paddy fields across a Hg concentration 
gradient. The present work is the cornerstone for further explaining 
DOM’s chemical compositions and fractions, and the relation with Hg to 
explain the fate of Hg in rice paddies. 

2. Methodology 

2.1. Study area description 

Eight paddy fields in China, including contaminated and uncon
taminated sites, were chosen for sample collection (Fig. 1 and Fig. S1). 
As per the numbers, four sites are located in Guizhou province, China; 
three are situated in Wanshan Hg mining area, which was historically 
China’s largest Hg mine (Feng and Qiu, 2008). Those three sites 
comprise an artisanal Hg mining site (Gouxi [GX]), and two abandoned 
Hg mining sites (Sikeng [SK] and Wukeng [WK]) (Zhao et al., 2016a, 
2016b). Huaxi (HX), southwest of Guiyang, Guizhou, is a Hg 
non-polluted site, and no point sources of Hg pollution have been 
identified. One site in Xunyang (XY) from the antimony-mercury 
(Sb–Hg) mining area in Shaanxi province was selected as a contami
nated site. High Hg contamination was reported in the paddy fields of 
this region (Ao et al., 2020; Qiu et al., 2011). Three sites from the largest 
heavy metals smelters, namely Hengyang (HY), Shuikoushan (SKS), and 
Zhuzhou (ZZ), in Hunan province, were included. The studied locations 
were chosen as they represent the diversity in mercury levels, from 
contaminated sites with varied sources of Hg pollution to uncontami
nated areas. 

2.2. Sample collection and preparation 

A total of 151 (n = 151) soil samples from the root zone (10–20 cm 
depth) were collected in this study from GX (n = 22), SK (n = 10), WK (n 
= 10), HX (n = 15), XY (n = 21), HY (n = 25), SKS (n = 24), and ZZ (n =
24) during the 2020 harvest season (Fig. S1). At each sampling site, the 
soil samples were stored in polypropylene tubes (JET®, China) with no 
headspace and sealed with Parafilm®. Soil samples were brought back 
to the laboratory in coolers with ice packs (~4 ◦C) within 24 h and kept 
at − 20 ◦C before freeze-drying. Freeze-dried (− 80 ◦C; Eyela FDU-2110, 
China) samples were screened to pick gravels/residues, ground, and 
mixed homogeneously using a mortar and pestle to pass through 200 
mesh. Before each operation, all tools involved in grinding were thor
oughly cleaned to avoid cross-contamination. Processed soil samples 
were stored in polyethylene zip-lock bags at ~4 

◦

C before analysis. All 
possible measures were considered to prevent cross-contamination 
during sample collection and preparation. 

2.3. Analytical methods 

2.3.1. Soil DOM extraction 
The DOM in soil was extracted using Milli-Q water with a water to 

soil ratio (v/w) of 10:1 on a horizontal shaking device (200 r min− 1) at 
room temperature (~22 

◦

C) in dark conditions for 18 h. Then, the sus
pension was centrifuged at 4000 rpm (RCF of 2850 g) for 30 min (Liu 
et al., 2021). The supernatant was filtered using 0.45 μm mixed cellulose 
acetate filters (Whatman, USA). The isolated filtrates were kept in a 
refrigerator at ~4 

◦

C under dark conditions for further analysis. 
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2.3.2. Characterization of DOM and relevant parameters 
The pH values of the soil samples were measured using a pH elec

trode (SX751 pH/ORP/Cond/DO meter, SANXIN, China) with a soil: 
water ratio (w/v) of 1:2.5. A total organic carbon analyzer (TOC-V, 
Shimadzu, Japan) was used to determine soil DOM concentration, 
expressed as dissolved organic carbon (DOC) in mg g− 1. The SOM con
tent of paddy soil was estimated using loss on ignition (LOI) method 

(Nayak et al., 2019). An Aqualog® absorption–fluorescence spectrom
eter (Horiba, Japan) was used to acquire UV–Vis and fluorescence 
measurements. Aqualog® EEMs data processing software automatically 
corrected EEMs for the inner-filter effect. It modified the 
instrument-specific excitation and emission effects using parallel 
absorbance measurements from the same sample and blank (Yang and 
Hur, 2014). The UV–Vis scan range was from 230 to 800 nm at 1 nm 

Fig. 1. Geographical map of China with location maps of the collected paddy soils from three provinces of China. Four sites are located in Guizhou province, 
including GX (Gouxi), WK (Wukeng), SK (Sikeng), and HX (Huaxi). In Hunan province, we selected three locations for sampling, ZZ (Zhuzhou), SKS (Shuikoushan), 
and HY (Hengyang). One site in Xunyang (XY) from the antimony-mercury (Sb–Hg) mining area in Shaanxi province was selected. Details regarding samples lo
cations are shown in Fig. S1. 
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intervals. Fluorescence spectra were used to record EEMs. The absorp
tion coefficient at 355 nm a (355) represented the abundance of chro
mophoric DOM (CDOM) (Zhang et al., 2005). The fluorescence index 
(FI) was commonly employed to identify DOM sources, either 
allochthonous or autochthonous and/or a combination of both, as the 
ratio of fluorescence intensities at 450 and 500 nm Em wavelengths (Ex 
wavelength was kept at 370 nm). Allochthonous and autochthonous 
sources were differentiated by FI values below 1.4 and above 1.9, 
respectively (Huguet et al., 2009). As an indicator for reflecting the 
DOM’s humic content or humification degree, the humification index 
(HIX) was calculated as the ratio of fluorescence over Em 255/434-480 
nm to that over 255/300–346 nm (Ex/Em) (Ohno, 2002). Details 
regarding the characteristics of DOM, including absorption coefficient 
calculation, specific UV absorbance, the fluorescence compounds and 
indices, are described in the supplementary information (Text S1 and 
Table S1). 

2.3.3. Mercury analysis 
THg quantification was done using cold vapor atomic fluorescence 

spectrophotometer (CVAFS) system (Brooks Rand Model III, Brooks 
Rand Laboratories, USA). Approximately 0.1–0.25 g soil sample was 
weighed and digested in the glass tube by adding 5 mL of a fresh mixture 
of aqua regia (HCl:HNO3 = 3:1 v/v) at 95 ◦C in a water bath for 55 min. 
0.5 mL of bromine chloride oxidation (BrCl, 25%) was added 10 min 
from the digestion started. Following digestion, the samples were cooled 
and diluted with distilled deionized water (DDW, Milli-Q®, Millipore, 
USA) to a final volume of 25 mL. After 24 h, the supernatant was 
collected, and THg was determined using CVAFS, which was preceded 
by SnCl2 reduction, purging with N2, and gold trap amalgamation 
(USEPA, 2002). A 0.25–0.40 g soil sample was prepared according to the 
CuSO4

− methanol/solvent extraction method to analyze MeHg. CVAFS 
was used to detect MeHg in samples after N2 purging, Gas chromatog
raphy (GC) separation, and thermal decomposition to Hg0 steps 
following the USEPA method 1630 (Liang et al., 1996; USEPA, 2001, 
2017). Analytical-grade chemical reagents were used in all experiments; 
moreover, the ultra-cleaning ensured extremely low Hg blanks. The 
detailed procedure is explained in Text S2. 

2.4. QA/QC and statistics 

Calibration curves with the coefficient of variation (r2 ≥ 0.999) were 
obtained for all batches analyzed for THg and MeHg. For each batch of 
samples, every tenth sample was triplicated, along with certified refer
ence materials, and method blanks were employed. Except for the 
original sample, method blanks contained all reagents used to digest 
various THg and MeHg analysis samples using the given methods. 
Method detection limits (3σ) for soil samples were recorded as 0.01 ng 
g− 1 (THg) and 0.002 ng g− 1 (MeHg). Relative standard deviation (RSD 
%) for triplicates was less than 6.1% and 4.4% for THg and MeHg, 
respectively. Certified reference materials employed in this study and 
the recoveries are given in Text S3. All measured parameters were sta
tistically analyzed using SPSS software (Version 28, IBM® Inc. IL, USA) 
and expressed as mean ± SD. A random forest model (RF-M) was per
formed using the “randomForest” package and R software. For correla
tion analysis, Pearson’s r and Spearman’s r were employed; the former 
was used for normally distributed datasets, while the latter was per
formed for non-normal distributed data. A statistically significant dif
ference was set at p < 0.05 and p < 0.01. A nonparametric statistical 
model with Kolmogorov–Smirnov (K–S) test was performed to identify 
the differences between diverse independent datasets used in our 
research. Further details of the statistical analysis are given in Text S3. 

3. Results 

3.1. SOM and DOM quantity 

Soil organic matter (SOM), pH, as well as soil DOM concentrations 
and optical properties in the studied samples from various sites are 
shown in Fig. S2. The average (range) SOM% of paddy soil in each 
location is 10.36 ± 1.11 (8.26–13.40), 6.80 ± 1.16 (4.92–9.23), 5.18 ±
0.55 (4.09–5.97), 6.39 ± 0.65 (4.97–7.08), 6.21 ± 1.02 (5.16–9.58), 
6.05 ± 1.07 (3.01–7.43), 6.00 ± 0.99 (3.72–7.68), and 7.70 ± 1.57 
(5.33–10.44) at HX, GX, SK, WK, HY, SKS, XY, and ZZ, respectively 
(Table S2). Significant differences between HX, ZZ, and SK (one-way 
ANOVA p < 0.05) were observed; however, there were no discernible 
differences in the content of SOM among the other studied sites 
(Fig. S2a). Higher soil pH values were observed at HX, XY, SK, and GX 
than at other sites (p < 0.05) (Fig. S2b). Among all sites, the highest DOC 
was found at HX (0.64 ± 0.20 mg g− 1) and followed by WK 0.52 ± 0.22 
(0.19–0.86) mg g− 1, GX 0.40 ± 0.14 (0.24–0.73) mg g− 1, ZZ 0.27 ± 0.09 
(0.16–0.45) mg g− 1, HY 0.27 ± 0.09 (0.15–0.44) mg g− 1, XY 0.27 ±
0.05 (0.16–0.34) mg g− 1, SK 0.26 ± 0.09 (0.19–0.44) mg g− 1, and SKS 
0.23 ± 0.09 (0.09–0.41) mg g− 1 (Fig. S2c and Table S2). 

3.2. DOM characteristics 

3.2.1. UV–vis absorption characteristics of DOM 
The chromophoric DOM (CDOM) indicated by a (355) ranged from 

0.14 to 10.95 m− 1. The average CDOM values in soil samples were the 
highest at HY (3.88 ± 3.16) and the lowest (1.53 ± 1.04) at XY (one-way 
ANOVA p < 0.05, Fig. S2d). Regarding mean CDOM contents, the 
studied sites were in the order of HY > HX > WK > GX > SK > ZZ > SKS 
> XY (Fig. S3). Specific UV absorbance at the selected λ nm was 
computed after Fe background absorbance was corrected by dividing the 
absorbance at λ nm with the corresponding DOC content. No distinct 
difference in the UV–vis absorbance at 260 and 280 nm was observed; in 
addition, due to conjugated rings’ absorbance at 254 nm (Weishaar 
et al., 2003), we selected specific UV absorbance at 254 and 260 nm 
(SUVA245 and SUVA260) to estimate DOM’s hydrophobic structures and 
aromaticity. As SUVA245 and SUVA260 exhibited the same trend in the 
studied samples (Fig. S4b), SUVA245 was used as an indicator of DOM 
aromaticity in our study. The values of S275-295 in paddy soil ranged from 
0.010 to 0.025 (nm− 1) (Table S2). S275-295 showed a similar pattern as 
spectral slope compatible with SUVA254, particularly at SKS, with the 
highest (1.55 ± 0.45) and lowest (0.013 ± 0.003) mean values of 
SUVA254 and S275-295, respectively (one-way ANOVA p < 0.05, 
Table S2). Further detailed SUVA254, spectral slope (SR), and S275-295 
results are shown in the supplementary information (Text S4). 

3.2.2. Fluorescence characteristics of DOM 
The fluorescence spectra revealed four fluorescent peaks in paddy 

soil samples. Peaks A and C indicate humic-like components, whereas 
protein-like components are represented by peaks B and T. The average 
levels of humic-like components (peaks A and C) in the studied locations 
exhibited the highest at HX, followed by WK and HY, and were signifi
cantly low at SKS and ZZ (one-way ANOVA, p < 0.05, Figs. S2g, S2h, and 
S5). The higher protein peak signatures, notably peak B, were detected 
in SKS, HY, and XY paddy soils (one-way ANOVA, p < 0.05, Figs. S2i and 
j). DOM in rice paddies can be characterized using the FI, HIX, and 
biological index (BIX). FI values for paddy soil samples were between 
1.4 and 1.9, revealing a joint autochthonous and allochthonous contri
bution to DOM (Huguet et al., 2009; McKnight et al., 2001), with one 
sample of XY and ZZ showing FI values slightly lower than 1.4 and 
higher than 1.9, respectively (Figs. S6 and S7). 

The primary trend of FI in the studied locations was significantly low 
in Hg mining areas (GX, SK, and WK) and XY (one-way ANOVA, p <
0.05, Fig. S7a and Table S3). BIX is a useful indicator of autochthonous 
inputs and recent microbially-produced DOM. As shown in Fig. S6, BIX 
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values were below 0.8 for paddy soil samples collected from all loca
tions, confirming the contribution of both allochthonous and autoch
thonous sources as observed in the previous study (Wang et al., 2022b). 
HIX results in the studied locations were much less than 10, implying 
low humification content in rice paddies. SKS recorded the lowest HIX 
levels with the mean value 0.09 ± 0.05 with significant differences 
between other paddies (one-way ANOVA, p < 0.05). The BIX and HIX 
values were significantly the highest and the lowest at HY and SKS (p <
0.05, Figs. S7b and S2k and Table S3), respectively, further verifying less 
humification and the more contribution of biologically-derived 
autochthonous DOM in HY soil that agrees with protein-like compo
nents results. 

3.3. Mercury species in paddy soil 

As shown in Fig. 2a and Table S4, the average (range) THg concen
tration increased from 0.25 ± 0.14 (0.05–0.62) mg kg− 1 at SKS to 0.32 
± 0.15 (0.17–0.64), 0.45 ± 0.37 (0.17–1.51), 0.49 ± 0.07 (0.38–0.71), 
12.7 ± 11.9 (0.39–76.5), 14.1 ± 13.9 (0.6–47.8), 26.2 ± 47.2 
(1.1–155), and 380 ± 333 (22–979) mg kg− 1 at HX, HY, ZZ, XY, GX, WK, 
and SK, respectively. It is noted that the range of THg at site SK is 
irregularly large (22–979 mg kg− 1). Spatial variations of methylmercury 
(MeHg) among eight locations in rhizosphere paddy soils are shown in 
Fig. 2b. The measured averages of MeHg at HX, GX, SK, WK, HY, SKS, 
XY, and ZZ were 1.24 ± 0.52, 2.42 ± 1.6, 3.11 ± 1.5, 1.16 ± 0.62, 0.52 
± 0.48, 0.38 ± 0.25, 2.01 ± 1.34, and 0.60 ± 0.32 μg kg− 1, respectively 
(Table S4). The lowest MeHg was recorded at SKS, followed by HY, ZZ, 
WK, HX, XY, GX, and the significantly highest at SK (p < 0.05, Fig. 2b). 
Though MeHg showed the same trend as THg, the concentrations in 
paddy soil from the antimony Hg mining site (XY) were significantly 
higher than in the WK Hg mining area. 

Net Hg methylation potential (% MeHg) was estimated in this study 
as [MeHg]/THg] ratios (%) (Liu et al., 2020). The highest and lowest 
MeHg/THg ratios were observed at HX (0.004%) and SK (0.00003%), 

respectively (one-way ANOVA p < 0.05, Fig. 2c and Table S4). %MeHg, 
a valuable factor and relevant proxy for the net Hg methylation potential 
(Drott et al., 2008; Paranjape and Hall, 2017), is primarily controlled by 
THg levels. It cannot be used as an indicator showing Hg methylation 
efficiency from the overall data set due to the wide ranges of THg con
tents, particularly in Hg-contaminated fields. To apply %MeHg in this 
study and to clearly discuss and understand the DOM behavior with Hg 
methylation in rice paddy soil, we divided the eight sites into two groups 
as per Hg concentrations. Notably, we integrated data from HX, HY, SKS, 
and ZZ (n = 88) as an uncontaminated group since THg levels in the Hg 
mining area (GX, WK, and SK) and Sb–Hg mining site (XY) ranged be
tween 2 and 3 orders of magnitude higher than that in those locations. 
Therefore, the contaminated group encompasses SK, WK, GX, and XY (n 
= 63) fields. 

4. Discussion 

4.1. Overview of DOM and Hg in paddy soil 

Correlations between Hg species and DOM concentration and 
composition were applied using the whole data set of this study to show 
interactions of DOM with Hg in paddy soils (Table S5). The relations 
between THg with soil DOC and MeHg with SOM were not detected in 
the current results (Table S5). The methylation of Hg in the environment 
cannot be explained solely by OM concentration (Frohne et al., 2012; 
Schartup et al., 2013). Thus, the optical measures of DOM characteristics 
are hypothesized to be a valuable tool and a more critical factor influ
encing Hg species, particularly Hg methylation, in rice paddy soils than 
total DOM alone. Previous studies in aquatic environments, including 
sediment porewaters, floodplain soils, and wetlands, reported signifi
cant correlations between DOC and THg or MeHg (Beckers et al., 2019a, 
2019b; Bergamaschi et al., 2012; Dittman et al., 2009; Frohne et al., 
2012; Jiang et al., 2018; Wang et al., 2021). Here, we found a positive 
correlation between DOC and MeHg in the collected paddy soils (r =

Fig. 2. THg (a), MeHg (b), and % MeHg (c) box plots in different locations of paddy soil. The boxes show the 25th quartile and 75th quartile. Squares and horizontal 
blue lines in the boxes represent mean and median values. Different lowercase letters on the box plots indicate that the differences in each optical index of DOM are 
significant through one-way ANOVA with Duncan’s post-hoc test (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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0.25, p < 0.01) (Table S5). It suggests that the most mobilizable or labile 
SOC fraction co-varied with MeHg. In addition, MeHg positively corre
lated with humic-like fluorescence peak A (r = 0.22, p < 0.01) and peak 
C (r = 0.24, p < 0.01), nonetheless negatively associated with 
protein-like fluorescence peaks B (r = − 0.46, p < 0.01) and T (r = − 0.36, 
p < 0.01), which may imply either (i) the humic-like substances or 
compounds in DOC could bind with MeHg; or (ii) the production of 
MeHg consumes lower molecular weight DOC (e.g., protein-like sub
stances) (Lee et al., 2018; Liu et al., 2021; Luo et al., 2022). 

Regarding the former, humic substances could bind with MeHg and 
inhibit it from degradation, together with protein-like peaks B and T 
could be the biodegradation products of peaks A and C, suggesting the 
biodegradation of humic substances occurred with MeHg degradation 
simultaneously (Amirbahman et al., 2002; Hintelmann et al., 1995; Luo 
et al., 2022; Wang et al., 2015). This is supported by the significant 
positive correlation between MeHg and HIX (r = 0.56, p < 0.01) and the 
significant inverse correlations between MeHg and BIX (r = − 0.26, p <
0.01) and FI (r = − 0.42, p < 0.01) (Table S5). Besides, the interaction 
between DOC and the optical properties of DOM reflected the significant 
role of humic components on MeHg variability in paddy soil, as denoted 
by the significant positive association of DOC with HIX (r = 0.46, p <
0.01), and humic-like peaks A (r = 0.36, p < 0.01) and T (r = 0.40, p <
0.01) (Table S5). In terms of the latter, previous studies found that the 
biodegradation of DOM depleted the lower molecular weight fractions 
and further humified the original DOM (Lee et al., 2018; Liu et al., 
2021). Moreover, the liable DOM could be degraded easily with the 
presence of microorganisms, whereas some highly humified DOM is too 
stable to be involved in microbial metabolisms (Lee et al., 2018). 
Meanwhile, the degradation of labile DOM stimulates Hg methylation 
(Bravo et al., 2017; Graham et al., 2013), resulting in lower peaks B and 
T with higher MeHg, as observed in our study. Lescord et al. (2018) 
reported that the availability of labile DOM could be responsible for the 
increased Hg bioaccumulation, possibly due to enhanced Hg 
methylation. 

4.2. DOM and Hg variations in contaminated and uncontaminated paddy 
soils 

The difference in DOM (reflected by DOC in mg g− 1) content between 
contaminated and uncontaminated rice paddy soils was significant (p =
0.048, Fig. 3). This result aligned with the prior studies, which high
lighted that DOM concentration varied significantly among paddy soils 
in China due to different soil types (Gao et al., 2017; Qin et al., 2020). 
The DOM concentration differences from our study suggest DOM may 
influence the fate of Hg in different ways, as when DOM levels are low, it 
can act as a rate-limiting step in methylation. The optical properties 
reflect the compositional and structural information of DOM, which 
shows the chemodiversity of DOM. In this study, the optical properties of 
DOM varied considerably between contaminated and uncontaminated 
paddy soils (Fig. 3). Significantly higher SR was observed at the un
contaminated sites than those at the contaminated sites (p < 0.001), 
suggesting the relatively high molecular weight of DOM in the 
contaminated paddy soils of this study (Fichot and Benner, 2012; Fichot 
et al., 2013). The spectral slope is often inversely correlated to the DOM 
molecular weight (Helms et al., 2008; Jiang et al., 2018, 2020; Spencer 
et al., 2012). Moreover, significant differences among contaminated and 
uncontaminated paddy soils were observed after normalizing humic-like 
substances (peaks A and C) and protein-like substances (peaks B and T) 
by DOC to avoid concentration dependence. HIX and humic-like fluo
rescence Peak A/DOC and peak C/DOC were significantly higher in 
contaminated soil than in uncontaminated (p < 0.01, Fig. 3 and Fig. S8), 
demonstrating paddy soil DOM’s humic character in contaminated 
fields, which agrees with the SR (Birdwell and Engel, 2010; Jiang et al., 
2017). Humic Substance variations between polluted and uncontami
nated areas could be related to the effect of pH, which is very sensitive to 
pH fluctuations (Groeneveld et al., 2022). 

Even though the contribution of allochthonous and autochthonous 
sources reflected by FI results in the studied locations (Fig. S6), FI, BIX, 
and protein-like signature peaks B/DOC and T/DOC were significantly 
higher in uncontaminated paddy soil (p < 0.001; Fig. 3 and Fig. S8). It 
suggested that DOM was enrichment by more autochthonous (i.e., 

Fig. 3. Box plots showing the significant DOM and Hg variations in contaminated and uncontaminated paddy soils. The boxes show the 25th quartile and 75th 
quartile. Independent-Samples Kolmogorov-Smirnov Test was used. ** and * indicate that the indices distribution is significant at p < 0.01 and p < 0.05, respectively. 
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microbial) than allochthonous (i.e., terrestrial) sources at uncontami
nated sites, as the protein-like components are significantly related to 
microbial activities (Mostofa et al., 2013; Nowicki et al., 2019). The 
overall BIX and FI contents in the present study were within the previ
ously reported limits for soil DOM, implying that DOM was more 
influenced by allochthonous than autochthonous sources from different 
soil types, with more protein-like components from paddy soil (Gao 
et al., 2017; Qin et al., 2020; Shang et al., 2018). 

In terms of Hg species, THg levels decreased in rice paddy soil from 
contaminated to uncontaminated sites, with an average (range) content 
of 71.7 ± 183 0.39–979) and 0.39 ± 0.24 (0.05–1.51) mg kg− 1, 
respectively (Fig. 3 and Table S6). MeHg presented the same signature as 
THg, which was evidently much higher at contaminated sites than in 
uncontaminated rice paddy soil (p < 0.001) (Fig. 3 and Table S6). Du 
et al. (2021) showed the 30.60 mg kg− 1 and 14.56 μg kg− 1 concentra
tions of THg and MeHg in soil from a typical mining area in China. The 
current results are consistent with a recent study by Pu et al. (2022). 
They reported 0.27 mg kg− 1 as a mean concentration of THg in un
contaminated paddy soil, ranging from 22.15 to 588 mg kg− 1 in 
Hg-contaminated areas, showing that Hg concentrations in contami
nated soil were three orders of magnitude higher than those at the un
contaminated sites. 

4.3. Influences of DOM characteristics on net MeHg concentration in 
paddy soils along a Hg concentration gradient 

Spearman correlation and various models were conducted to explore 
the influences and contributions of DOM optical properties to Hg 
methylation in diverse paddy soils. DOC is positively correlated with 
SOM (r = 0.49, p < 0.01) and CDOM (r = 0.33, p < 0.01) (Fig. 4 and 

Table S7), reflecting the DOM was mainly composited by fractions with 
a higher molecular weight. This finding is further confirmed by the 
higher humic components of DOM (i.e., higher HIX, humic-like peak A, 
and peak C) (Fig. 3) in Hg-contaminated paddy soils. Particularly, MeHg 
in the contaminated paddy soil is negatively correlated with SOM 
(Spearman’s r = − 0.29, p < 0.01) and DOC (Spearman’s r = − 0.33, p <
0.01), suggesting soil organic matters and its dissolved fractions (i.e., 
DOM) may diminish the bioavailability of inorganic Hg(II) and therefore 
reduce the production of MeHg potentially. Thus, the Hg contents in 
highly Hg-contaminated paddy soil are likely influenced by DOM mo
lecular mass distribution, as evidenced by the relationships between 
MeHg and SR (r = − 0.32, p < 0.05; Fig. 4). With higher molecular weight 
and pH, OM has a pivotal role in immobilizing Hg(II), reducing its 
bioavailability for microbial uptake and consequently inhibiting 
methylation (Li et al., 2018; Ravichandran, 2004; Zhang et al., 2022). 
Where the higher pH indicates less mobile Hg fractions and more 
recalcitrant DOM in paddy soils (Li et al., 2018); moreover, humic 
compounds would bind with MeHg and protect it from degradation, 
further supporting our finding reflected by the significant positive cor
relation between MeHg and humic-like components (in section 4.1). 
Greater humic compounds in Hg-contaminated areas reported in the 
former section confirmed this finding. Furthermore, low autochthonous 
DOM signals (BIX, protein-like peaks B and T) at the contaminated sites 
(Fig. 3) imply a low microbial activity in contaminated areas, which may 
decrease MeHg production. Previous studies reported that highly 
microbially dominant OM components could exhibit elevated microbial 
activity and production of MeHg (Jiang et al., 2018; Ortega et al., 2018). 
Another study from our group also reported that Hg stress significantly 
influences microbial community assembly processes and decreases the 
ecosystem’s multifunctionality (Pu et al., 2022). 

Fig. 4. Heat map showing Spearman’s correlation between Hg species, pH, SOM, and DOM concentration and optical characteristics in uncontaminated (A) and 
contaminated (B) paddy soils. Only significant correlations of MeHg and DOC with other parameters were highlighted (The whole correlation matrix is shown in 
Tables S5 and S6). * and ** indicate that the bivariate correlations are significant at p < 0.05 and p < 0.01. Cells with dark colours represent a strong correlation, 
while light-colored cells reflect weak correlations. CD/DOC is CDOM/DOC, A/DOC and C/DOC = Normalizing humic-like peak A and peak C by DOC; and B/DOC 
and T/DOC = Normalizing protein-like peak B and peak T by DOC. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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On the other hand, MeHg strongly positively correlated with SOM (r 
= 0.60, p < 0.01) and DOC (r = 0.44, p < 0.01) at uncontaminated sites 
(Fig. 4a and Table S8), suggesting that SOM and/or DOM fuels Hg 
methylation. In uncontaminated paddy soil, MeHg contents were mainly 
associated with microbial activities (Jiang et al., 2018), as indicated by 
higher biological signal (BIX), SR, and FI than in Hg-contaminated soils 
(Fig. 3). Therefore, we speculate that labile DOM in uncontaminated 
soils, which is easily degraded, is of prominent importance in MeHg 
production as it has a pivotal role as a carbon source for Hg methylators 
(Graham et al., 2013; Lambertsson and Nilsson, 2006; Ortega et al., 
2018; Ullrich et al., 2001). According to Frohne et al. (2012), increasing 
DOC levels in floodplain soils could enhance Hg methylation. Elevated 
protein-like signature peak B and peak T at uncontaminated sites (p <
0.001; Fig. 3) further support the previous explanation that the degra
dation of DOM associated with microbial activity promotes Hg 
methylation. As pH was significantly lower at uncontaminated sites than 
at contaminated sites (p < 0.001; Fig. S8), MeHg positively correlated 
with DOC, and the correlation coefficients of MeHg and peaks B and T 
are higher than those at contaminated sites. This implies that 
DOC-regulated Hg methylation depends on the mobility of Hg. Several 
studies reported enhanced Hg mobility and methylation at low pH 
(Boening, 2000; Ullrich et al., 2001; Wu et al., 2011). In contrast to 
contaminated groups, DOC positively correlates to pH and net MeHg 
production, reflecting paddy soil DOM’s vulnerability to degradation. Li 
et al. (2018) highlighted the vulnerability of DOM to degradation with 
lower pH in paddy soil. Notably, DOC is negatively correlated with 
SUVA254 (r = − 0.28, p < 0.01), reflecting the role of DOM fraction with 
lower aromaticity should be highlighted in uncontaminated paddy soil. 

Random forest modelling (RF-M) was used to identify the most 
important determinants of DOM’s optical data and concentration with 
net MeHg concentration in rice paddy soil. Furthermore, automatic 
linear modelling with the forward stepwise method (FS-M) was con
ducted to predict the contributions of DOM optical characteristics to the 
concentration of MeHg in paddy soils. The RF-Model reflected the sig
nificant role of OM fraction, which might be more labile, on MeHg 

variability in paddy soil from the overall data. It is indicated by protein- 
like substances (peak B/DOC and peak T/DOC) and DOC, which were 
the primary factors in RF-M (Fig. 5A). As MeHg was linked with DOC 
rather than SOM (Fig. 4), FS-M further supports the role of dissolved 
organic fractions on Hg methylation, as DOC was the most important 
predictor in paddy soil than SOM (Fig. 5B). The role of humic compo
nents in DOC (HIX; Fig. 5A) that can bind with MeHg in paddy soil, as 
demonstrated by the RF-Model, protects it from microbial degradation. 
In contaminated soils, SR was the predominant predictor (importance 
more than 0.3), followed by THg, CDOM, and SOM (Fig. 5B). Further
more, THg, SR, and DOC were the critical factors according to random 
forest modelling (Fig. 5A). CDOM is an important predictor reflected by 
the FS model (Fig. 5B), further supporting the role of allochthonous 
DOM, which could reduce the availability of Hg for methylation in Hg- 
contaminated soils (Fig. 4). 

Both models emphasized the humic character of the DOM and 
further confirmed that DOM primarily composited the DOM in Hg- 
contaminated soil with greater molecular weight. As donated by RF- 
M, SOM and DOC were the main factors in uncontaminated paddy 
soil, confirming our finding that OM and its labile fractions could fuel Hg 
methylation at these sites. Soil pH was the dominant predictor and the 
highest significant factor (p < 0.01) among all the predictors and factors 
(Fig. 5), reflecting the role of pH in rhizosphere soil, which influences 
DOM properties (Groeneveld et al., 2022). Moreover, it further dem
onstrates the role of labile DOM, which is elevated in lower pH (Li et al., 
2018), in promoting Hg methylation in uncontaminated soils. The 
applied models emphasized the significance of DOM aromaticity in the 
uncontaminated fields, which is consistent with the correlation results. 
One reason could be that SKS (an uncontaminated paddy field) has the 
highest DOM aromaticity among all other sites (Fig. S2e), which might 
be attributed to anthropogenic activities, such as the application of 
organic wastes, which increase the aromatic degree of soil DOM or 
naturally, i. g., temperature degrees, which reduce soil DOM aromaticity 
as temperature rises (Hu et al., 2018; Li et al., 2017). 

The random forest model exhibited the effect of protein-like peaks B/ 

Fig. 5. Random Forest (A) and linear forward stepwise (B) modelling reveal the significance of various factors and predictors for DOM behavior with MeHg in paddy 
soil. The importance of these factors was estimated using %IncMSE. * and ** indicate the significant different at p < 0.05 and p < 0.01. In (B), the red dashed lines 
represent the cutoffs for minor predictors (less than 0.1), important predictors (between 0.1 and 0.3), and highly important predictors (more than 0.3). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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DOC and T/DOC indices on MeHg, showing the significant contribution 
of autochthonous inputs in uncontaminated paddy soil. Along with 
autochthonous DOM, allochthonous sources could be another contrib
utor, as denoted by the HIX factor in RF-Model. Humic-like peaks A and 
C, and HIX significantly positively correlated with DOC (r = 0.47, p <
0.01) and (r = 0.47, p < 0.01), and (r = 0.59, p < 0.01), respectively. It 
indicates a relative contribution of allochthonous sources to the DOM 
pool, as noticed by a significantly negative correlation between FI and 
DOC (Spearman’s r = − 049, p < 0.01) in the uncontaminated group. It 
further demonstrates the role of both autochthonous (i.e., microbial) 
DOM and allochthonous (i.e., terrestrial) DOM to MeHg in paddy soil, 
showed by FI results (Fig. S6). In general, Huang et al. (2022), Wang 
et al. (2022b), and Zhang et al. (2022) highlighted the effectiveness of 
optical DOM characteristics, which could provide a clue to explain the 
Hg methylation in soil and heavy metals behaviors in soil and sediments. 
Our study illustrated that the optical DOM properties showed a good 
correlation with Hg species in paddy soil, reflecting the usefulness of 
optical analysis in tracking Hg methylation in this system. Further solid 
evidence is needed to depict the precise scenario of soil DOM effect on 
Hg methylation and demethylation in paddy soils. 

5. Conclusion 

The present study improved our understanding of the crucial role of 
DOM properties on Hg methylation in rice paddy soil. In summary, the 
optical measures of DOM properties were found to be more critical 
factors affecting Hg methylation rates in rice paddy soils than the total 
DOM. Joint allochthonous and autochthonous DOM inputs were pre
dominant in paddy soil with a more allochthonous effect on MeHg and 
DOM pool at Hg-contaminated sites. The current study revealed that 
more signals of autochthonous DOM (BIX, protein-like peak B and peak 
T) and its correlation with MeHg, implying an enrichment in low mo
lecular weight DOM and a greater autochthonous contribution to Hg 
methylation in uncontaminated soil. Correlation and statistical model 
results highlighted the vital role of net MeHg potential in Hg methyl
ation, and DOM, especially protein-like compounds in DOM, promotes 
Hg methylation in uncontaminated rhizosphere soils. The finding of this 
study presented an insight into the DOM behaviors in paddies and 
implied the significant correlations of its characteristics with MeHg in 
various paddy soil. More efforts are required to uncover the effect of 
DOM compositions in controlling Hg species and bioavailability across 
Hg gradient in rice fields. Moreover, continuing work with a novel 
approach is recommended to clarify soil DOM fractionations that could 
track Hg fate, particularly the methylation rates, as the rice paddies 
provide ideal conditions for Hg methylation. 
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