
Repression of microbial arsenite uptake and methylation by 
dissolved organic carbon

Hyun Yoona, Michael A.P. Vegaa, Jiaxing Wangb, Alexandre J. Poulainc, Andrea Giomettoa, 
Ludmilla Aristildeb, Matthew C. Reida,*

aSchool of Civil and Environmental Engineering, Cornell University, Ithaca, New York, 14853, 
United States

bDepartment of Civil and Environmental Engineering, Northwestern University, Evanston, Illinois, 
60208, United States

cDepartment of Biology, University of Ottawa, Ottawa, K1N 6N5, Canada

Abstract

Arsenic methylation is the microbe-mediated transformation of inorganic As into methylated 

species, an important component of the biogeochemical arsenic cycle in rice paddies. Prior to 

methylation, arsenite is taken up into bacterial cells through GlpF, an aquaglyceroporin channel 

for uptake of glycerol and other low-molecular-weight organics. The uptake and subsequent 

biotransformation of arsenite are therefore linked to the bacterial utilization of organics. We 

hypothesized that increasing concentrations of carbon substrates will repress the uptake and 

methylation of arsenite through a carbon catabolite repression (CCR) mechanism. An arsenic 

biosensor assay demonstrated that arsenite uptake was repressed in the presence of glucose and 

environmental dissolved organic matter (DOM) isolates. RT-qPCR analysis of glpF expression 

linked the decrease in arsenite uptake at higher carbon concentrations to the repression of 

glycerol-transporting GlpF channels. Methylation of arsenite by Arsenicibacter rosenii, a rice 

paddy isolate, was repressed by the upper glycolytic substrates glucose, xylose, and mannose, but 

was not affected by pyruvate and succinate. This result is consistent with current CCR theories. 

Our findings provide a new perspective on the impacts of organic carbon on microbial arsenic 

transformations, and suggest that arsenic biotransformation can be repressed in systems that are 

rich in upper glycolytic carbon substrates.
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Introduction

The microbial transformation of inorganic arsenic (As) into methylated species is 

an important biogeochemical process regulating As speciation in soil and aquatic 

environments1–3. Dimethylarsinic acid (DMA) is readily translocated to rice grains where it 

influences the toxicity of arsenic in rice4–7, and it is also phytotoxic and can decrease rice 

yields by causing straighthead disease8, 9. These impacts have motivated intensive research 

into microbial As methylation in rice paddy soils10–13. Arsenic methylation is catalyzed by 

intracellular arsenite S-adenosylmethionine methyltransferase (ArsM) enzymes14, and arsM 
genes are widely distributed in functionally diverse microorganisms12, 15–18. There has been 

significant research to identify microbial populations driving methylation reactions15–20 and 

to characterize the biogeochemical controls on methylation efficiencies21–25. Despite these 

efforts, variations in methylation efficiencies between soils26, experimental treatments24, or 

geographic locations7 often go unexplained.

Prior research from our group has highlighted effects of dissolved organic matter 

(DOM) on bioavailability of As to microorganisms, with implications for regulating As 

biotransformations27–29. Trivalent arsenite (pKa = 9.2) is taken up into microbial cells 

through aquaglyceroporin channels, including the glycerol facilitator channel (GlpF) in 

E. coli30. These channels transport glycerol and other uncharged, low molecular weight 

(LMW) carbon compounds (e.g., glycine; xylitol) into cells30–32. This shared transporter 

for both arsenite and glycerol highlights potential couplings between bacterial utilization of 

organics and arsenite uptake. For example, the uptake of glycerol by E. coli is repressed 

by the uptake of glucose33, 34, and the repression of glycerol uptake may impact arsenite 

uptake and subsequent transformation. This hierarchical utilization of carbon substrates is 

known as carbon catabolite repression (CCR)35–37. Current conceptual models for CCR 

indicate that upper glycolytic substrates such as sugars repress the uptake of glycerol, while 

non-glycolytic substrates including LMW organic acids can be co-utilized with glycerol 

and do not affect glycerol uptake33, 34. In the environmental sciences, catabolite repression 

theories have been used to explain observations that transformations of organic pollutants 

are suppressed at higher labile carbon concentrations36, 38–40. To our knowledge, impacts 
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of catabolite repression on cellular uptake and subsequent methylation of arsenite due to 

repression of glycerol uptake have not been explored.

Here, we test the hypothesis that increasing concentrations of organic carbon – in particular 

glucose and other carbon substrates utilized in the upper glycolysis pathway – will repress 

the microbial uptake and methylation of arsenite, via a CCR-like process. We study the 

effects of model carbon substrates and environmental DOM isolates on the expression of 

GlpF transporters and uptake of arsenite in an E. coli arsenic biosensor, and on arsenic 

biomethylation using experiments with Arsenicibacter rosenii. This contribution connects 

arsenic methylation to the quality and quantity of dissolved organic carbon, and has the 

potential to provide mechanistic clarity and focus to ongoing lines of inquiry by the research 

community investigating biogeochemical controls on arsenic speciation in rice paddy soils.

Methods and Materials

Preparation and Analysis of Carbon Sources and DOM Solutions.

Glucose, xylose, and mannose were studied as examples of upper glycolytic substrates that 

are expected to repress glycerol uptake, while pyruvate and succinate were studied as non-

glycolytic substrates that can be co-utilized with glycerol and therefore not repress glycerol 

uptake34. Glycine and xylitol were studied as examples of carbon sources that are taken up 

into cells through GlpF channels, and glutathione (GSH) was studied as a thiol-containing 

model compound that can affect arsenite bioavailability through complexation41.

Upper Mississippi River natural organic matter (MNOM) and leaf leachate were studied 

as environmental DOM samples. We also performed measurements with a rice straw 

leachate, but because the leachate was found to contain 0.097 μg As/mg C (Table S1) 

we excluded this sample from further analysis (see Note S1 for more information). 

Liquid chromatography (Thermo Fisher Scientific Dionex UltiMate 3000) coupled to high-

resolution/accurate mass spectrometry (Thermo Fisher Scientific Q Exactive quadrupole-

Orbitrap hybrid MS) analysis was used to quantify LMW compounds including short-chain 

carboxylic acids, phenolic acids, amino acids, and nucleobases42. 1H nuclear magnetic 

resonance spectroscopy was used to quantify glucose and xylose, which are the primary 

sugar monomers of cellulose and hemicellulose, respectively. All organic carbon samples 

were filtered (0.22 μm) before use.

Arsenic Biosensor Assay.

The overall experimental workflow is shown in Figure S1. A whole cell E. coli NEB 10-beta 

biosensor assay43 was used to quantify arsenite uptake in the presence of model organic 

carbon substrates and environmental DOM isolates. Biosensor fluorescence, induced by the 

presence of intracellular arsenite, provides a quantitative measure of cellular As uptake27, 44. 

The biomass-normalized net arsenite uptake rate is proportional to 1
N(t)

dFRFU
dt , where N(t) is 

the cell density at time t and dFRFU/dt is the slope of the fluorescence curve over the first 5 

h of the experiment. See Figure S2 and Yoon et al.27 for additional details on the biosensor 

assay. Biosensor experiments were performed in two steps: First, cells were acclimated to 

different carbon concentrations (10–500 mg C /L) in an overnight pre-incubation. Then, 
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biosensor cells were exposed to 1 μM arsenite and biosensor fluorescence and optical 

density at 600 nm (OD600) were monitored for more than 10 h on a plate reader. The 

glycerol and LB broth used in the growth media were both diluted 10x from a standard E. 
coli growth media, to 300 mg C/L glycerol and 20 mg C/L in the LB broth, to create a lower 

background carbon concentration. Biomass-normalized biosensor results are reported as the 

arsenite uptake rate relative to a control without carbon addition27.

Dialysis Experiments.

Float-A-Lyzer dialysis devices (Spectra-Por) with a membrane pore size of 0.1–0.5 kDa 

were used for dialysis equilibrium experiments45 to quantify arsenite binding to DOM in 

conditions mimicking the arsenite-to-carbon ratios in biosensor experiments (see Note S3 

and Yoon et al. (2023)28 for details).

Arsenic Methylation Assay.

A. rosenii, an aerobic bacterium isolated from an As-contaminated rice paddy soil46, 47, 

was used in an As methylation assay. A. rosenii lacks an ArsB efflux transporter, allowing 

arsenite to accumulate inside cells and be efficiently methylated by ArsM17, 47. A. rosenii 
was first acclimated to DOM isolates and model carbon compounds during an overnight 

pre-incubation, followed by exposure to 1 μM arsenite and monitoring of OD600 and As 

speciation. Arsenic speciation analysis in 0.22-μm filtered samples was performed with 

HPLC-ICP-MS (Agilent Infinity 1260 HPLC hyphenated to Agilent 7800 ICP-MS)16. 

Samples were oxidized with 6% H2O2 to convert arsenite to arsenate and reveal the presence 

of trimethylarsine oxide (TMAO) that co-elutes with arsenite16. The biomass-normalized As 

methylation efficiency was calculated as:

As methylation efficiency(%) = DMA24 h +TMAO24 h
ΣAs24 h × OD600, 24 h

× 100 %

(Eqn. 1)

DMA24 h and TMAO24 h are the concentrations of DMA and TMAO, respectively, after 24 

h of incubation, ΣAs24 h is the sum of As species at 24 h, and OD600,24 h is the OD600 at 24 

h. Monomethylarsonic acid (MMA) concentrations were below the limit of quantification, 

and we did not monitor volatile arsines. Methylation efficiencies were first tested using R2A 

media at 10%, 20%, 50%, and 100% strength17, and the 20% strength R2A (containing 

~200 mg C/L) was chosen for the remainder of the methylation experiments to provide a 

low-carbon baseline.

Gene Expression Analysis.

Reverse transcription (RT)-qPCR was used to monitor expression of glpF in E. coli 
biosensor cultures and arsM in A. rosenii cultures to evaluate physiological responses to 

variations in carbon. Expression of glpF is used as a direct measure of production of 

glycerol- and arsenite-transporting GlpF channels. Because the uptake channels for arsenite 

in A. rosenii are not known, we instead used the expression of arsM as a proxy for 

intracellular As because it is induced by intracellular As (among other factors)14. Details 

on RT-qPCR methods are provided in Note S5 and Table S2.
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Results and Discussion

Biosensor assay and glpF expression.

Relative to the control, cellular arsenite uptake decreased in the presence of glucose, GSH, 

MNOM, and leachates from leaves (Figure 1a–d). Uptake decreased by 40 to 60% when 

glucose and leaf leachate concentrations increased to 250 and 500 mg C/L, respectively, and 

complete inhibition of arsenite uptake was observed with MNOM (Figure 1a–c). 3,000 μM 

GSH led to an 80% decrease in arsenite uptake (Figure 1d). With the exception of GSH, 

the decrease in arsenite uptake was accompanied by a 1.3 to 2.4-fold increase in cell growth 

(Figure S3), indicating that environmental DOM isolates contained bioavailable carbon. 

The MNOM and leaf leachate samples contained a diverse range of LMW compounds 

in that could serve as carbon sources (Figure S4). OD600 data showed no evidence of 

solution toxicity impeding cell growth (Figure S3). Interestingly, glycine and xylitol, two 

carbon substrates taken up through GlpF32, had no effect on arsenite uptake (Figure S5) 

and negligible effect on cell growth (Figure S6). Therefore, unlike the case of arsenate 

and orthophosphate where there is direct competition for uptake through the Pst phosphate 

transport system48, there was no evidence for direct competition between arsenite and 

organics for transport through GlpF.

Expression of glpF decreased by more than 80% in the presence of MNOM, and by more 

than 90% in the presence of glucose and leaf leachate (Figure 1e–g; and see Figures S7 

and S8 for complete RT-qPCR data). This confirmed a physiological response to increasing 

carbon concentrations that suppressed production of arsenite-transporting GlpF channels34. 

Down-regulation of glpF in the presence of glucose (Figure 1e) is consistent with classical 

CCR theories for E. coli37, where preferential uptake of glucose leads to a decrease in 

uptake of glycerol32–34, 49. In contrast, glpF expression increased 1.8 to 10.9-fold with 

increasing GSH concentrations (Figure 1h), indicating that the decrease in arsenite uptake 

at high GSH concentrations cannot be explained by a physiological repression of GlpF 

channels. The reason for GSH stimulation of glpF expression remains unclear. While the 

biosensor data suggest a clear link between repressed glpF transporter expression and lower 

arsenite uptake with higher concentrations of glucose, MNOM, and leaf leachate, we cannot 

rule out the possibility that changes in other physiological processes such as expression of 

the arsB efflux permease may have also impacted net As uptake.

Effects of Arsenite-DOM Complexation on Repressed As Uptake.

Between 10–22% of arsenite was bound to DOM in the environmental isolates, while 

there was no evidence of arsenite complexation with glucose (Figure S9). GSH, a thiol-

containing complexing ligand for arsenite41, complexed 10 to 77% of the arsenite as GSH 

concentrations increased from 300 to 3000 μM. Comparison of biosensor measurements of 

repressed cellular uptake versus dialysis measurements of arsenite-DOM binding (Figure 

S10) indicates that decreased arsenite uptake in the presence of GSH can be explained by 

arsenite-GSH complexation in the media, while decreased arsenite uptake in the presence 

of glucose was unrelated to complexation and could instead be attributed to physiological 

changes. For MNOM and leaf leachate, arsenite uptake was affected by a combination of 

ligand complexation and physiological processes. There appeared to be a large physiological 
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effect on arsenite uptake for 100 and 500 mg C/L MNOM and 500 mg C/L leaf leachate 

because uptake was inhibited by 50–100% while only ~20% of the arsenite was DOM-

bound.

Biomethylation Assay and arsM Expression.

A. rosenii methylated arsenite into a combination of DMA and TMAO (Figure S11 and 

S12). The biomass-normalized methylation efficiency of A. rosenii decreased by 66% when 

the R2A media strength increased from 10% to 100% (Figure S13), clearly showing that 

methylation was repressed on a per-cell basis in the carbon-rich full-strength media. While 

production of DMA and TMAO was roughly two and four-fold greater in the 100% strength 

R2A compared to the 10% strength R2A, respectively, the more than six-fold increase in 

OD600 from 10% to 100% strength R2A led to a sharp decrease in biomass-normalized 

methylation efficiencies (Figure S11). This result is similar to recent findings in Qiao et 

al.50, where biomass-normalized arsenic methylation by Paraclostridium bifermentans strain 

EML was inhibited at higher media concentrations.

Adding glucose at concentrations of 10 to 500 mg C/L to the 20% strength R2A media 

caused a consistent decrease in As methylation, with biomass-normalized efficiencies 

decreasing by approximately 58% at the highest glucose concentration (Figure 2a). A 

clear decrease in methylation efficiencies was observed even without biomass-normalization 

(Figure S14). In the presence of MNOM, methylation efficiencies initially increased by 26% 

at 10 mg C/L before decreasing by more than 50% relative to the control at 100 and 250 

mg C/L. With leaf leachate, methylation efficiencies increased from 10–100 mg C/L before 

decreasing at 250 and 500 mg C/L to levels similar to the no-DOM control.

Relative arsM expression decreased monotonically with higher levels of glucose and 

MNOM, and was repressed by more than 80% at 250 mg C/L (Figure 2e and f). In contrast, 

leaf leachate caused an initial increase in arsM expression at intermediate carbon levels, 

followed by a significant decrease of more than 50% relative to the control at 500 mg 

C/L (Figure 2g). Effects of organic carbon on arsM expression were thus largely consistent 

with patterns observed in As methylation efficiencies (Figure S15), except at the highest 

leaf leachate concentrations where arsM expression was repressed but there was no change 

in the methylation efficiency relative to the control. Overall, there was agreement between 

E. coli biosensor and A. rosenii results around the repressing effects of organics on both 

uptake and methylation of arsenite (Figure S16). For the leaf leachate, biosensor results and 

arsM expression analysis both indicated a decrease in arsenite uptake at the highest carbon 

concentrations, but methylation efficiencies at the highest leaf leachate concentrations were 

similar to the control (Figure 2c). See Note S7 for further discussion of comparison of 

results between E. coli- and A. rosenii-based methods.

We additionally tested the effects of xylose, mannose, pyruvate, and succinate on As 

methylation in order to further assess effects of upper glycolytic (xylose, mannose) vs. 

non-glycolytic (pyruvate, succinate) substrates on repressed As methylation. Xylose and 

mannose both had similar effects as glucose, causing a continuous decrease in biomass-

normalized methylation efficiencies as carbon concentrations increased, with decreases of 

62% and 81%, respectively, at 500 mg C/L (Figure 3a–b). These sugars all increased cell 
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growth relative to the control (Figure S17e and f). In contrast, neither pyruvate nor succinate 

had a systematic effect on As methylation efficiencies or cell growth (Figures 3c–d, S17g 

and h). These results are consistent with contemporary CCR models33, 34 in which uptake of 

upper glycolytic substrates such as sugars represses glycerol (and therefore arsenite) uptake, 

while LMW organic acids can be co-utilized with glycerol and do not impact coupled uptake 

of glycerol and arsenite.

Arsenic methylation efficiencies increased by 10 to 30% in the presence of 300 to 3,000 

μM GSH (Figure 2d), despite the fact that 77% of arsenite was complexed in the 3,000 

μM GSH condition (Figure S9). Additional GSH may have facilitated methylation because 

GSH-complexed arsenite is the substrate for methylation by ArsM14, 51. Extracellular As 

methylation can occur with ArsM, GSH, and the methyl donor S-adenosylmethionine 

released from cells17, but we determined that this extracellular methylation was negligible in 

our experiments by exposing filtered cell lysate to 3,000 μM GSH and 1 μM arsenite (Figure 

S18). We concluded that increased media GSH stimulated in vivo bacterial methylation, 

as corroborated by higher arsM expression with increasing GSH (Figure 2h), providing an 

example of how some carbon compounds may enhance methylation rather than repressing it.

Effects of Carbon Quantity and Quality on Arsenic Methylation.

The arsenic biogeochemistry literature suggests that organic carbon should stimulate arsenic 

methylation rather than repress it13, 52, 53. Our results add nuance to that understanding 

and show that upper glycolytic substrates such as the sugars glucose, xylose, and mannose 

repress As methylation, while LMW organic acids such as succinate and pyruvate have 

no effect (Figures 2a and 3). Results with the E. coli biosensor, including a significant 

decrease in glpF transporter expression with higher glucose concentrations (Figure 1e), are 

consistent with a CCR mechanism where upper glycolytic substrates repress the coupled 

uptake of glycerol and arsenite. The repressing effects of carbon compounds on methylation 

were most clear when methylation efficiencies were expressed on a per-cell basis (Figures 

S11 and S13). Studies on CCR of organic pollutant biodegradation have also observed that 

enhanced biomass growth on labile carbon can compensate for the effects of repression on a 

per-cell basis38. However, repressed methylation was apparent on a total population basis for 

the sugars and MNOM (Figure S14).

The effects of environmental DOM isolates on As methylation were more complex than 

the effects of model carbon sources. While the biosensor data clearly show that both leaf 

leachate and MNOM decrease glpF expression and cellular As uptake consistent with a 

CCR-like process (Figure 1), for the leaf leachate this did not translate into a decrease in As 

methylation relative to the control (though methylation efficiencies were roughly 40% lower 

at 250 and 500 mg C/L than at 10–100 mg C/L). These divergent responses may be related 

to the complexity of the environmental DOM isolates (see Note S8 for further discussion on 

results from environmental DOM samples).

Environmental Implications.

Our results suggest that microbial arsenite uptake and methylation will be repressed in 

environments that are rich in sugars, due to the role of sugar uptake in repressing the coupled 
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uptake of glycerol and arsenite. Root exudation and decomposition of plant residues are 

important sources of sugars in rice paddy soils. To our knowledge this is the first report to 

link carbon source quantity and quality to the control of As methylation through a CCR-like 

mechanism, but a close examination of recent studies reveals findings that are consistent 

with this theory. For example, Qiao et al.50 showed that biomass-normalized As methylation 

by P. bifermentans decreased with higher media carbon concentrations, while Leon Ninin et 

al.23 reported a plateau followed by a decrease in methylated As in paddy soil incubations 

as DOC concentrations increased. We acknowledge that the literature generally suggests 

that organic matter stimulates As methylation13, 52, 53, but these prior observations may be 

caused by enhanced biomass growth in carbon-rich systems that obscures the repression of 

methylation on a per-cell basis. Our results suggest that the greatest levels of repressed As 

methylation will occur when dissolved organic matter pools are rich in sugars, but there is a 

need for future field-based research to further test these theories under real-world conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Microorganisms repress cellular uptake of arsenic in the presence of dissolved organic 

carbon, influencing arsenic biotransformation in carbon-rich environments like rice 

paddies
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Figure 1. 
Relative arsenite uptake rates (top row) and relative expression of glpF in biosensor cells 

(bottom row) in the presence of (a and e) glucose, (b and f) Upper Mississippi River natural 

organic matter (MNOM), (c and g) Leaf leachate, and (d and h) glutathione (GSH). Ctrl 

is the control assay which contained 1 μM arsenite without additional carbon amendment. 

Arsenite uptake rates are biomass-normalized. An alphabetical letter over each bar denotes 

significant difference (p < 0.05) between bars determined using a one-way ANOVA with 

Tukey’s honestly significant difference (HSD) post hoc testing. The red dashed line in e-h 

denotes a two-fold change in glpF expression relative to the control. Note the different 

y-axis limits in panel h.
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Figure 2. 
Biomass-normalized arsenic methylation efficiencies (top row) and relative arsM expression 

(bottom row) in A. rosenii cultures in the presence of (a and e) glucose, (b and f) Upper 

Mississippi river natural organic matter (MNOM), (c and g) leaf leachate, and (d and h) 

glutathione (GSH). Ctrl is the control assay with 1 μM arsenite but no additional carbon. 

An alphabetical letter over each bar denotes significant difference (p < 0.05) between bars 

based on one-way ANOVA with Tukey’s honestly significant difference (HSD) post hoc test. 

Methylation efficiencies can be greater than 100% because they are normalized by OD600. 

The red dashed line in e-h denotes either a two-fold increase or decrease from the control. 

Data for 500 mg C/L MNOM are not shown because cell growth was inhibited by greater 

than 50% in that condition. Note the different y-axis limits in panel h.
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Figure 3. 
Biomass-normalized arsenic methylation efficiencies in the presence of (a) xylose, (b) 

mannose, (c) succinate, and (d) pyruvate. Ctrl is the control assay with 1 μM arsenite but 

no additional carbon. An alphabetical letter over each bar denotes significant difference (p < 

0.05) between bars based on one-way ANOVA with Tukey’s honestly significant difference 

(HSD) post hoc test. Methylation efficiencies can be greater than 100% because they are 

normalized by OD600. Data for 500 mg C/L succinate are not shown because cell growth 

was inhibited by greater than 50% in that condition.
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