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Abstract

1,4-Dioxane concentration in most contaminated water is much less than 1 mg/L, which cannot 

sustain the growth of most reported 1,4-dioxane-metabolizing pure cultures. These pure cultures 

were isolated following enrichment of mixed cultures at high concentrations (20 to 1,000 

mg/L). This study is based on a different strategy: 1,4-dioxane-metabolizing mixed cultures were 

enriched by periodically spiking 1,4-dioxane at low concentrations (≤1 mg/L). Five 1,4-dioxane-

metabolizing pure strains LCD6B, LCD6D, WC10G, WCD6H, and WD4H were isolated and 

characterized. The partial 16S rRNA gene sequencing showed that the five bacterial strains were 

related to Dokdonella sp. (98.3%), Acinetobacter sp. (99.0%), Afipia sp. (99.2%), Nitrobacter 
sp. (97.9%), and Pseudonocardia sp. (99.4%), respectively. Nitrobacter sp. WCD6H is the first 

reported 1,4-dioxane-metabolizing bacterium in the genus of Nitrobacter. The net specific growth 

rates of these five cultures are consistently higher than those reported in the literature at 1,4-

dioxane concentrations <0.5 mg/L. Compared to the literature, our newly discovered strains have 

lower half-maximum-rate concentrations (1.8 to 8.2 mg-dioxane/L), lower maximum specific 

1,4-dioxane utilization rates (0.24 to 0.47 mg-dioxane/(mg-protein · d)), higher biomass yields 
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(0.29 to 0.38 mg-protein/mg-dioxane), and lower decay coefficients (0.01 to 0.02 d−1). These are 

characteristics of microorganisms living in oligotrophic environments.

GRAPHICAL ABSTRACT
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1. INTRODUCTION

1,4-Dioxane (C4H8O2), a colorless cyclic ether compound (EPA 2017), was commonly used 

as a stabilizer of chlorinated solvents such as 1,1,1-trichloroethane (Mohr et al. 2010). It is 

also used as a solvent in some commercial and industrial processes and consumer products, 

leading to widespread groundwater contamination (Sei et al. 2013a; Pugazhendi et al. 2015; 

Zhang et al. 2017). According to the third Unregulated Contaminant Monitoring Rule 

(UCMR3), 1,4-dioxane was detected in 21% of the U.S. public water systems and exceeded 

the health-based reference concentration of 0.35 μg/L (EPA 2017) at 6.9% of the systems. 

The detection of 1,4-dioxane was ranked second among the 28 UCMR3 contaminants, 

only exceeded by chlorate (Adamson et al. 2017). The high mobility of 1,4-dioxane in 

groundwater has impacted relatively large regions with trace levels of contamination, which 

underscores the need to explore effective treatment methods applicable to environmentally 

relevant, low 1,4-dioxane concentrations of ≤365 μg/L (Adamson et al. 2014; Chiang et al. 

2016; Wang et al. 2021).

Removal of 1,4-dioxane from contaminated water is challenging due to its unique physical 

and chemical properties such as high water solubility, low Henry’s law constant (4.80 

× 10−6 atm m3/mol), low octanol–water partition coefficient (log Kow = − 0.27), and low 

organic carbon partition coefficient (log Koc = 1.23) (Zenker et al. 2003; EPA 2017; Zhang 

et al. 2017). Bioremediation is a promising method for treating 1,4-dioxane-contaminated 

water as it is potentially cost-effective and ecofriendly. Plenty of studies have demonstrated 

aerobic biodegradation of 1,4-dioxane under metabolic and co-metabolic conditions. 1,4-

Dioxane was co-metabolized in the presence of primary substrates such as ethane, propane, 
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isobutane, tetrahydrofuran, and toluene (Zenker et al. 2002; Mahendra & Alvarez-cohen 

2006; Sei et al. 2013b; Hatzinger et al. 2017; Zhang et al. 2017; Barajas-Rodriguez & 

Freedman 2018; Rolston et al. 2019; Xiong et al. 2019a, 2020; Luo et al. 2021; Wang et 

al. 2021). In the presence of propane and isobutane as primary substrates, the minimum 1,4-

dioxane concentrations required to sustain steady-state biomass (Sd
min) for Rhodococcus ruber 

ENV425, Propanotrophic mixed culture ENV487, Rhodococcus rhodochrous strain 21198 

were 1.0, 0.6, and 1.3 mg/L, respectively (Barajas-Rodriguez & Freedman 2018; Rolston 

et al. 2019). Co-metabolic bioremediation has the advantage of biomass growth supported 

by the primary substrate while treating 1,4-dioxane at low concentrations. However, the 

primary substrates can make the treatment process expensive and may lead to secondary 

contamination.

About 20 bacterial strains (Supporting Information Table S1) have been reported in the 

literature to use 1,4-dioxane as the sole carbon and energy source (Parales et al. 1994; 

Mahendra & Alvarez-Cohen 2005, 2006; Kim et al. 2009; Sei et al. 2013a; Huang et al. 

2014; Pugazhendi et al. 2015; Chen et al. 2016; Inoue et al. 2016; Matsui et al. 2016; He et 

al. 2017b; Barajas-Rodriguez & Freedman 2018; Inoue et al. 2018; Yamamoto et al. 2018; 

Tusher et al. 2020; Ma et al. 2021; Simmer et al. 2021; Tusher et al. 2021; Dai et al. 2022; 

Ramos-García et al. 2022). The majority of them are gram-positive bacteria that belong 

to the genera Pseudonocardia, Mycobacterium, and Rhodococcus. The remaining are gram-

negative bacteria that belong to the genera Acinetobacter, Afipia, Ancylobacter, Dokdonella, 
Rhodanobacter, Variovorax, and Xanthobacter. These strains were enriched and isolated 

under high concentrations of 1,4-dioxane (i.e., 20 to 1,000 mg/L). Only a few strains’ 1,4-

dioxane metabolism kinetics have been fully characterized (Barajas-Rodriguez & Freedman 

2018; Ramos-García et al. 2022). There is a need to characterize the 1,4-dioxane metabolism 

kinetics of more cultures. Isolation and identification of 1,4-dioxane-metabolizing bacteria 

that can thrive in dilute 1,4-dioxane environments are of particular interest.

In this study, a different enrichment strategy was evaluated: 1,4-dioxane-metabolizing mixed 

cultures were sub-cultured by periodically spiking 1,4-dioxane at low concentrations (i.e., 

≤1 mg/L). Three methods – centrifugation, dilution, and combination of centrifugation 

and dilution – were used to enrich 1,4-dioxane-metabolizing mixed cultures from two 

sources. After enrichment, five 1,4-dioxane-metabolizing pure cultures were isolated 

and characterized in terms of phylogenetics and 1,4-dioxane metabolism kinetics and 

intermediates.

2. MATERIALS AND METHODS

2.1. Chemicals and medium composition

All mixed cultures enrichment, growth of pure cultures, and kinetic experiments were 

performed in nitrate mineral salts medium. The medium was composed of 1.18 mM NaNO3, 

6.1 mM K2HPO4, 3.9 mM KH2PO4, 1.28 mM Na2SO4, 0.08 mM FeSO4·7H2O, 0.15 mM 

MgCl2·6H2O, 0.07 mM CaCl2·2H2O, 0.002 mM ZnCl2, 0.002 mM MnCl2·4H2O, 0.004 mM 

CoCl2·6H2O, 0.001 mM CuCl2·2H2O, 0.001 mM NiCl2·6H2O, 0.002 mM H3BO3, 0.004 

mM Na2MoO4·2H2O, 0.001 mM Na2WO4·2H2O, 0.001 mM Na2SeO4·5H2O, and 0.001 

mM KI in deionized water (Xiong et al. 2019a). The pH of the medium was adjusted to ~7.0 
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using 0.1 mM H2SO4. The deionized water was autoclaved at 121 °C for 20 min and cooled 

to room temperature before the stock chemicals were added. 1,4-Dioxane was purchased 

from Acros Organics as American Chemical Society (ACS) grade with >99% purity. Agar 

powder was obtained from Thermo Fisher Scientific. All other chemicals and solvents used 

in this study were purchased as ACS grade.

2.2. Mixed culture enrichment

Two microbial cultures originally from a landfill (L) and activated sludge of a wastewater 

treatment plant (W) were separately cultured by regularly adding 1,4-dioxane for more than 

300 days. Each culture was maintained in three 500 mL serum bottles containing 200 mL of 

nitrate mineral salts medium. Before each culture was added into the serum bottle, 20 mg of 

the original culture was centrifuged at 5,000 × g for 10 minutes and washed with the nitrate 

mineral salts medium twice. The objective was to remove residual carbon carried over from 

the seed material. 1,4-Dioxane was added as a sole electron donor at 1 mg/L whenever its 

concentration dropped below 0.2 mg/L. The cultures were incubated aerobically at room 

temperature (25 °C) on a shaker rotating at 120 revolutions per minute (Sei et al. 2013a, 

2013b; Nam et al. 2016; Yamamoto et al. 2018). To minimize contamination, the bottles 

were closed with rubber stoppers and were opened inside a biosafety cabinet every two days 

to allow oxygen replenishment.

Each culture was enriched by three methods, corresponding to the three serum bottles 

mentioned above. In the first method (i.e., centrifugation), centrifugation was applied to the 

cultures after every five cycles of 1,4-dioxane degradation. One bottle from each culture 

(LC and WC) was centrifuged at 5,000 × g for 10 minutes. The pellet was washed with 

the nitrate mineral salts medium and resuspended into 200 mL fresh medium containing 

1 mg/L 1,4-dioxane (Sei et al. 2013a; Nam et al. 2016; Yamamoto et al. 2018). In the 

second method (i.e., dilution), one bottle from each culture (LD and WD) was sub-cultured 

through 2–10 times dilution with fresh nitrate mineral salts medium containing 1,4-dioxane 

at 1 mg/L (Kim et al. 2009; Sei et al. 2013b; Tusher et al. 2020). In the third method 

(i.e., centrifugation and dilution), one bottle from each culture (LCD and WCD), was sub-

cultured through centrifugation followed by dilution. After every 10 cycles of 1,4-dioxane 

degradation, half of the culture medium was centrifuged at 5,000 × g for 10 minutes. The 

pellet was washed with and then resuspended into 200 mL fresh medium containing 1 mg/L 

1,4-dioxane. The three enrichment methods were selected because they create environmental 

conditions similar to that of 1,4-dioxane contaminated groundwater and allow the growth of 

the microorganisms of interest.

2.3. Isolation and phylogenetic characterization of 1,4-dioxane-metabolizing pure 
cultures

1,4-Dioxane-metabolizing bacteria from the six culture bottles described in Section 2.2 

(i.e., LC, WC, LD, WD, LCD, and WCD) were isolated by streaking 100 μL of the 

enriched cultures on solid agar plates supplemented with nitrate mineral salts medium 

containing 100 mg/L 1,4-dioxane. A 100 mg/L 1,4-dioxane concentration was used during 

the isolation stage to achieve good growth of colonies. The plates were sealed with a 

parafilm and incubated upside down at 25 °C. A total of 54 colonies were isolated from the 
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six microbial consortia: nine colonies for each consortium. Single colonies were inoculated 

into 50 mL cell culture flasks (with vented caps) containing 10 mL of nitrate mineral 

salts medium with 100 mg/L 1,4-dioxane. The flasks were incubated aerobically at room 

temperature (25 °C) on a shaker rotating at 120 revolutions per minute. The concentrations 

of 1,4-dioxane in the flasks were monitored to evaluate their 1,4-dioxane degradation ability. 

Forty-seven of the 54 colonies showed 1,4-dioxane degradation. Among them, 30 colonies 

were further selected, based on their faster 1,4-dioxane degradation, for phylogenetic 

identification. Genomic DNA were extracted using EZNA® Bacterial DNA Kit following 

the manufacturer’s protocol. The extracted DNA were analyzed at Florida State University, 

Department of Biological Science, Core Facilities. Partial sequences of 16S rRNA gene 

were amplified from the extracted DNA by polymerase chain reaction using the 27F and 

1492R primer set. The amplicons were purified and sequenced using bi-directional Sanger 

sequencing. The forward and backward sequences were initially analyzed using Molecular 

Evolutionary Genetics Analysis version 11 (MEGA11) (Tamura et al. 2021). Chimera 

analysis was then performed using vsearch 2.21.1. Five strains that passed the chimera 

check were further studied for 1,4-dioxane degradation kinetics and intermediates. The 

aligned sequences were compared with sequences in the National Center of Biotechnology 

Information database using the Basic Local Alignment Search Tool. A phylogenetic tree 

was constructed using MEGA11 for the five 1,4-dioxane-metabolizing strains identified 

in this study and the bacteria reported in the literature that could metabolically degrade 

1,4-dioxane. The partial 16S rRNA sequences were deposited to the GenBank database of 

the National Center of Biotechnology Information.

2.4. Kinetic experiments and modeling for the pure cultures

The kinetic experiments were conducted in sealed 250 mL serum bottles. The biomass 

from the pure cultures was centrifuged at 5,000 × g for 10 minutes. After removing 

the supernatant, the pelleted biomass was washed with the nitrate mineral salts medium, 

centrifuged, and resuspended into 100 mL fresh medium with 100 mg/L 1,4-dioxane. The 

initial biomass concentrations ranged from 10 to 20 mg/L. This range was chosen due 

to the 5 mg/L detection limit of the Pierce BCA Protein Assay Kit used. A 100 mg/L 1,4-

dioxane concentration was used so that the 1,4-dioxane concentration range (0–100 mg/L) 

covered the median half-maximum-rate constant of 1,4-dioxane reported in the literature 

(42.5 mg/L) (Tang 2023). This helps to increase the accuracy of the parameter estimation. 

The concentrations of 1,4-dioxane and protein (representing biomass) were monitored daily.

A Monod-based kinetic model was used to describe the rates of change in the concentrations 

of 1,4-dioxane (Equation (1)) and biomass (Equation (2)). Descriptions of the model input 

and model output parameters are presented in Table 1. Equations (1) and (2) were solved 

numerically by a numerical code written in FORTRAN. Initial conditions included the 

concentrations of 1,4-dioxane and biomass that were experimentally determined at day 0 

(i.e., Sd(0)
e  and X(0)

e ). The unknown kinetic parameters qd, Kd, Y d, and b were determined 

by fitting the experimentally measured concentrations (i.e., Sd(t)
e  and X(t)

e ) to the model 

simulated concentrations (i.e., Sd(t)
m  and X(t)

m ) using a model-independent parameter estimator 

(Doherty 2019). The goodness of fit between the experiment and the model simulation was 

determined using the mean sum of squared relative residuals (Equation (3)). This approach 

Tesfamariam et al. Page 5

Water Sci Technol. Author manuscript; available in PMC 2024 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differs from previous work reported by Barajas-Rodriguez & Freedman (2018) in that the 

four kinetic parameters were estimated simultaneously. The estimated parameters were then 

evaluated by comparing a new set of experimental data with their corresponding simulated 

results. The conditions of the experiments used for the model evaluation were the same as 

the kinetics estimation, except that the initial 1,4-dioxane concentration was 10 mg/L in the 

evaluation experiments.

dSd
dt = − X qd

Sd
Kd + Sd

(1)

dX
dt = Y dX qd

Sd
Kd + Sd

− b X

(2)

MSRR = 1
N ∑

t = 0

T Sd(t)
m − Sd(t)

e

Sd(t)
e

2
+ ∑

t = 0

T X(t)
m − X(t)

e

X(t)
e

2

(3)

To evaluate the growth potential of the isolated cultures in oligotrophic environments (i.e., 

< 1 mg/L in this study) and compare it to that of the literature-reported cultures, the net 

specific growth rates of the cultures and the minimum 1,4-dioxane concentration required to 

sustain steady-state biomass were calculated by Equations (4) and (5) (Rittmann & McCarty 

2020).

μ = Y d qd
Sd

Kd + Sd
− b

(4)

Sd
min = Kd

b
Y d qd − b

(5)

2.5. Identification and quantification of 1,4-dioxane intermediates for the pure cultures

The experiments for identification and quantification of 1,4-dioxane intermediates were 

performed in triplicate for each of the five pure cultures. The biomass was centrifuged 

at 5,000 × g for 10 minutes. After removing the supernatant, the pelleted biomass was 

washed with the nitrate mineral salts medium, centrifuged, and resuspended into 200 mL 

fresh medium with 100 mg/L 1,4-dioxane. The bottles were incubated aerobically at room 

temperature (25 °C) on a shaker rotating at 120 revolutions per minute. Liquid samples 
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were filtered using 0.20 μm Acrodisc® syringe filters and stored in a refrigerator at 4 °C 

before they were analyzed for 1,4-dioxane and its degradation intermediates following the 

analytical methods in Section 2.6.

2.6. Analytical methods

The concentrations of 1,4-dioxane in all experiments were measured using solid phase 

micro-extraction followed by gas chromatography/mass spectrometry, which is described 

in our previous publication (Xiong et al. 2019a). The quantification limit was 0.5 

μg-1,4-dioxane/L. 1,4-Dioxane intermediates were analyzed by adapting the methods in 

our previous publication (Xiong et al. 2019b). First, chemical oxygen demand (COD) 

concentrations were measured by Hach DR 3900 spectrophotometer using low range 

(3 to 150 mg-COD/L) and ultra-low range (1 to 60 mg-COD/L) COD kits. The COD 

concentration was compared to the 1,4-dioxane concentration (after being converted to 

mg-COD/L) for each sample to estimate whether intermediates were contributing to COD. 

A paired t-test at a p-value of 0.05 was used to evaluate the statistical significance of the 

difference between the concentrations of 1,4-dioxane and total COD. Second, the presence 

of organic acids, including formic, glycolic, glyoxylic, methoxyacetic, and oxalic acids, 

as potential 1,4-dioxane degradation intermediates were checked using a DIONEX ion 

chromatography system. The detection limits of the organic acids were approximately 0.1 

mg/L. All aqueous samples used for COD and ion chromatography measurements were 

filtered by 0.20 μm Acrodisc® syringe filters. Third, the presence of potential 1,4-dioxane 

degradation intermediates including the organic acids, ethylene glycol, and 1,4-dioxan-2-ol, 

were checked using gas chromatography/mass spectrometry operated in the scan mode.

To evaluate the biomass concentration change in all the experiments, protein concentrations 

were measured by a Nanodrop spectrophotometer using Pierce BCA Protein Assay Kit 

with Albumin Standard Ampules. The detection limit for protein measurement was 5 

mg-protein/L. The concentrations of the extracted DNA were measured using the same 

spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. The five isolated 1,4-dioxane-metabolizing strains

Six microbial consortia capable of utilizing 1,4-dioxane as a sole carbon and energy source 

were enriched. They corresponded to two sources (L and W) and three enrichment methods 

(C, D, and CD) for each source. Figure S1 shows the pictures of the six mixed cultures 

during the enrichment: the three cultures based on the L source were green, while the 

three cultures based on the W source were brown. The 1,4-dioxane degradation profiles of 

different generations of the consortia are presented in Figure S2. The six mixed cultures 

were able to degrade 1,4-dioxane from 1 mg/L to below 0.01 mg/L. Figure S3 compares 

the 1,4-dioxane utilization rates of the cultures. At the beginning of the enrichment, the 

1,4-dioxane utilization rates of the six cultures slightly varied between 2.1 × 10−3 and 2.9 

× 10−3 mg-dioxane/(mg-protein · d). During the 300 days of enrichment, the two CD-based 

cultures (LCD and WCD) had the highest utilization rates, approximately five times higher 

than their initial rates. On the other hand, the utilization rates of the two C-based (LC and 
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WC) and D-based (LD and WD) cultures increased by two and four times, respectively, 

compared to their initial rates. The lower utilization rates of the cultures enriched by 

centrifugation (C-based) could be due to the retainment of the inert biomass from one 

generation to the next. Therefore, dilution or combination of centrifugation and dilution 

should be considered during culture enrichments to enhance the growth of active biomass 

and minimize retainment of inert biomass.

The five isolated bacterial strains were Dokdonella sp. LCD6B, Acinetobacter sp. LCD6D, 

Afipia sp. WC10G, Nitrobacter sp. WCD6H, and Pseudonocardia sp. WD4H, respectively. 

They represent successful isolation from both mixed cultures and the three enrichment 

methods. The five identified strains were related to genera Dokdonella sp. (98.3%), 

Acinetobacter sp. (99.0%), Afipia sp. (99.2%), Nitrobacter sp. (97.9%), and Pseudonocardia 
sp. (99.4%) respectively. The partial 16S rRNA gene sequences of the five pure strains are 

deposited at the NCBI GenBank database under accession numbers OP362562, OP362563, 

OP362564, OP362565, and OP362566, respectively. The phylogenetic tree shown in 

Figure 1 presents the evolutionary relationships among the five 1,4-dioxane-metabolizing 

bacteria isolated in this study and bacteria reported in the literature that can metabolically 

degrade 1,4-dioxane. The 24 literature-reported 1,4-dioxane-metabolizing pure cultures are 

summarized in Table S1. The upper 14 in the tree are gram-negative bacterial strains that 

belong to the phylum Proteobacteria while the lower groups are gram-positive bacteria 

from the Actinobacteria phylum. This study isolated Nitrobacter sp. WCD6H as the first 

1,4-dioxane-metabolizing bacterium that belongs to the Nitrobacter genus.

1,4-Dioxane biodegradation is initiated by enzymes encoding soluble di-iron 

monooxygenase (SDIMO) genes. SDIMO genes also have the ability to catalyze the initial 

oxidation of a wide variety of hydrocarbons (Li et al. 2014; Inoue et al. 2016; Tusher et 

al. 2021). To date, three SDIMO gene clusters (Group-2, Group-5, and Group-6) have been 

confirmed to be involved in the metabolic biodegradation of 1,4-dioxane (Table S1). Li 

et al. (2014) found a positive correlation between the biodegradation of 1,4-dioxane and 

the abundance of Group-5 SDIMO genes, tetrahydrofuran/dioxane monooxygenase (thmA/
dxmA). Genes thmA/dxmA also were identified in the 1,4-dioxane-metabolizing bacteria 

that belong to the genera Dokdonella, Afipia, and Pseudonocardia (Inoue et al. 2016; Tusher 

et al. 2021) (Table 2). Similarly, tetrahydrofuran monooxygenase gene cluster (thmADBC) 

was expressed by Pseudonocardia dioxanivorans CB1190 during growth on 1,4-dioxane 

(Grostern et al. 2012; Sales et al. 2013). However, the molecular mechanisms of 1,4-dioxane 

biodegradation are only partially understood. The genes associated with the metabolism of 

1,4-dioxane by Acinetobacter, Nitrobacter, and several 1,4-dioxane degrading pure cultures 

in the literature are unknown (Table S1). Future studies that incorporate genomic and 

proteomic analyses will help to further elucidate the metabolic pathways and enzymatic 

mechanisms underlying 1,4-dioxane degradation.

3.2. Kinetic parameters estimation and evaluation

The 1,4-dioxane biodegradation kinetics of the five strains were described well by the 

Monod-based equations with low MSRR values ranging from 0.01 to 0.11. The estimated 

kinetic parameters for the five strains are presented in Table 3. Figure 2 further compares 
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the experimental and modeling results for 1,4-dioxane and biomass concentrations in the 

kinetic experiments of the five strains. The parameterized model captured all major trends 

for the concentrations of 1,4-dioxane and biomass. In general, the variability of the kinetic 

parameters is quite small, especially Y d and b. The variability for qd and Kd are slightly 

greater, with approximate 2- and 4.5-fold difference between the largest and smallest values, 

respectively. The reason for the narrow range of kinetic parameters may be associated with 

the enrichment strategy. As the mixed cultures were enriched with ≤1 mg/L 1,4-dioxane 

for more than 300 days, it may have created an environment to enrich strains with similar 

kinetic parameters. The kinetic parameters presented in Table 3 will be discussed in this 

section by comparing them with corresponding values from the literature.

The net specific growth rates of the five cultures isolated in this study and two pure cultures 

from the literature are shown in Figure 3. Pseudonocardia dioxanivorans CB1190 (Barajas-

Rodriguez & Freedman 2018) and Pseudonocardia dioxanivorans BERK-1 (Ramos-García 

et al. 2022) are the only pure cultures with a full set of kinetics in the literature and are 

used for comparison. P. dioxanivorans CB1190 has about 2- to 8-fold higher net specific 

growth rates at 1,4-dioxane concentrations ≥ 0.5 mg/L, while all the five strains in this study 

have about four times higher net specific growth rates at concentrations < 0.5 mg/L. This 

supports our hypothesis that enrichment with 1,4-dioxane at lower concentration helps to 

isolate oligotrophs. The minimum 1,4-dioxane concentration required to sustain steady-state 

biomass in a continuous-flow, suspended-growth reactor (Sd
min) ranged from 0.4 to 1.5 mg/L 

(Table 3). This is at the lower end of the range (0.4–20 mg/L) reported in the literature 

(Tang 2023). Based on the Sd
min, two of the five cultures in Table 3 are able to grow at 

1,4-dioxane < 1 mg/L. In an attached-growth reactor (i.e., biofilm reactor) that enhances 

biomass attachment and growth, the Sd
min values should be much lower than 0.4 mg/L 

(Tang 2023). Simmer et al. (2021) reported low Sd
min value of 0.49 μg/L for Rhodococcus 

ruber strain 219. However, the decay coefficient was assumed to be the same as that of P. 
dioxanivorans CB1190 (Simmer et al. 2021).

Figure 4 compares the 1,4-dioxane biodegradation kinetic parameters determined in this 

study to the same parameters reported in the literature for all 1,4-dioxane metabolizing 

mixed cultures (Zenker et al. 2002; Mahendra & Alvarez-cohen 2006; Nam et al. 2016; 

Barajas-Rodriguez & Freedman 2018; Lee et al. 2020; Xiong et al. 2022) and pure cultures 

(Mahendra & Alvarez-cohen 2006; Sei et al. 2013a; Chen et al. 2016; He et al. 2017a; 

Barajas-Rodriguez & Freedman 2018; Inoue et al. 2018; Yamamoto et al. 2018; Ma et al. 

2021; Simmer et al. 2021). Figure 5 further compares the kinetic parameters of Afipia and 

Pseudonocardia isolated in this study and the literature. Only two genera are compared 

in Figure 5 because no kinetics data is available in the literature for biodegradation of 

1,4-dioxane by Dokdonella, Acinetobacter, and Nitrobacter. Figures 4 and 5 show the same 

comparison results: compared to the 1,4-dioxane-metabolizing cultures in the literature, the 

five pure cultures have lower half-maximum rate constants, higher biomass yields, lower 

maximum specific 1,4-dioxane utilization rates, and lower decay coefficients. These are 

characteristics of microorganisms living in oligotrophic environments (Koch 2001; Xiong et 

al. 2022; Tang 2023).

Tesfamariam et al. Page 9

Water Sci Technol. Author manuscript; available in PMC 2024 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As an example of these four parameters, the half-maximum-rate concentration is discussed 

in detail here. The half-maximum-rate concentrations obtained in this study ranged from 1.8 

to 8.2 mg-dioxane/L. The 1,4-dioxane-metabolizing pure cultures reported in the literature 

have high half-maximum-rate concentrations ranging from 6.3 to 411 mg-dioxane/L 

(Mahendra & Alvarez-cohen 2006; Sei et al. 2013a; Chen et al. 2016; He et al. 2017a; 

Barajas-Rodriguez & Freedman 2018; Inoue et al. 2018; Yamamoto et al. 2018; Ma et 

al. 2021). Nitrobacter sp. WCD6H showed the lowest half-maximum-rate concentration of 

1.8 mg-dioxane/L among the five strains isolated in this study. The half-maximum-rate 

concentration of Afipia sp. WC10G was 8.2 mg-dioxane/L, about 3-fold lower than that of 

Afipia sp. D1, 26 mg-dioxane/L (Sei et al. 2013a). Similarly, Pseudonocardia sp. WD4H 

had a half-maximum-rate concentration of 5.3 mg-dioxane/L. This was about 1.2 to 30-fold 

lower than those of P. dioxanivorans BERK-1 (14.7 mg-dioxane/L) (Ramos-García et al. 

2022), P. dioxanivorans CB1190 (6.3 to 160 mg-dioxane/L) (Mahendra & Alvarez-cohen 

2006; He et al. 2017a; Barajas-Rodriguez & Freedman 2018), Pseudonocardia sp. D17 

(60 mg-dioxane/L) (Sei et al. 2013a), and Pseudonocardia sp. N23 (80 mg-dioxane/L) 

(Yamamoto et al. 2018).

The kinetic parameters presented in Table 3 were evaluated by comparing results from a 

second set of independent experiments with their corresponding model-simulated results. 

Figure 6 compares the experimentally measured data and the model simulated results 

for the five isolated strains. The parameterized model captured the major trends for the 

concentrations of 1,4-dioxane and biomass. The MSRR values obtained during model 

evaluation were 0.22, 0.27, 0.26, 0.22, and 0.13, respectively. These results were 2- to 

13-fold larger than those obtained during parameter estimation. The slower degradation rates 

in the evaluation experiments than the model predictions could be due to the effect of lag 

phase in the biomass growth.

3.3. 1,4-dioxane intermediates

Figure 7 compares the 1,4-dioxane concentrations (converted from mg-1,4-dioxane/L to 

mg-COD/L by a conversion factor of 1.82) and the total COD of the corresponding water 

samples for the five isolated strains. When 1,4-dioxane was metabolized from 180 to 20 

mg-COD/L, the difference between the concentrations of 1,4-dioxane and total COD was 

not statistically significant at a confidence level of 95%, suggesting negligible production 

of 1,4-dioxane intermediates. When the 1,4-dioxane was < 20 mg-COD/L (i.e., 11 mg-1,4-

dioxane/L), the total COD concentration was higher than the 1,4-dioxane concentrations, 

suggesting that some chemicals other than 1,4-dioxane were present. The base COD value of 

the nitrate mineral salts medium without 1,4-dioxane was 1.33 ± 0.58 mg-COD/L. The other 

chemicals could be 1,4-dioxane metabolism intermediates or soluble microbial products due 

to endogenous respiration of the bacteria (Rittmann & McCarty 2020). Further analyses of 

the liquid samples by the gas chromatography/mass spectrometry and ion chromatograph 

showed no presence of any 1,4-dioxane intermediates discussed in Section 2.6 above the 

detection limits. Therefore, we inferred that soluble microbial products generated from 

endogenous respiration of the active biomass might have contributed to the total COD 

during the decay phase of the experiment.
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Several previous studies identified biodegradation intermediates of 1,4-dioxane. The 

major intermediates identified during 1,4-dioxane biodegradation by monooxygenase-

expressing bacteria were ethylene glycol, glycolate, 2-Hydroxyethoxyacetic acid, and 

oxalate (Mahendra et al. 2007). 1,4-Dioxane degradation by Mycobacterium sp. PH-06 

also showed 1,4-dioxane-2-ol and ethylene glycol as the major degradation intermediates 

(Kim et al. 2009). On the other hand, 1,4-dioxene was the only 1,4-dioxane intermediate 

by Acinetobacter baumannii DD1 (Huang et al. 2014). Chen et al. (2016) found three 

1,4-dioxane intermediates: 1,4-dioxene, ethylene glycol, and oxalic acid by Xanthobacter 
flavus DT8. The differences in the identification of 1,4-dioxane intermediates indicate that 

the degradation pathway of 1,4-dioxane may vary depending on microbial composition.

3.4. Practical implications of the study

The feasibility and practical applications of 1,4-dioxane bioremediation require profound 

research on the kinetics, operating parameters, and sustainability of the treatment system. 

This research will contribute to the current needs to identify microorganisms for treating 

1,4-dioxane. The kinetic constants obtained in this study could be used in the design and 

assessment of large scale 1,4-dioxane remediation technologies. The minimum 1,4-dioxane 

concentrations required to sustain steady-state biomass (Sd
min) for the isolated strains are 

at the lower end of the range reported in the literature. However, the Sd
min values are still 

higher than most 1,4-dioxane contaminated sites. The Sd
min of these strains are derived based 

on continuous-flow stirred-tank reactor containing suspended biomass. Biofilm reactors 

inoculated with these microorganisms are expected to have a smaller Sd
min than those of 

suspended-growth reactors since the biofilm provides protection to the microorganisms, 

leading to a lower effective biomass decay rate. Incorporating adsorption and biodegradation 

using materials that can adsorb 1,4-dioxane, provide biomass attachment, and concentrate 

substrates and nutrients could also enhance the bioremediation of 1,4-dioxane.

4. CONCLUSIONS

1,4-Dioxane-metabolizing pure cultures reported in the literature were isolated following 

enrichment with 1,4-dioxane at high concentrations (20–1,000 mg/L). This study enriched 

1,4-dioxane-metabolizing mixed cultures through periodically spiking 1,4-dioxane at low 

concentrations (≤1 mg/L) and then isolated five bacterial strains that could metabolize 

1,4-dioxane. This strategy worked well for two mixed cultures: the first one from a 

landfill leachate and the second one from a municipal wastewater treatment plant. It also 

worked well for three enrichment methods: dilution, centrifugation, and their combination, 

but dilution and combination of centrifugation and dilution resulted in the highest 1,4-

dioxane utilization rate for the mixed cultures. The five isolated bacterial strains were 

Dokdonella sp. LCD6B, Acinetobacter sp. LCD6D, Afipia sp. WC10G, Nitrobacter sp. 

WCD6H, and Pseudonocardia sp. WD4H. To the best of our knowledge, WCD6H is the 

first known strain in the genus Nitrobacter that can metabolize 1,4-dioxane. Only two 

1,4-dioxane-metabolizing pure cultures in the literature have a full set of kinetic parameters 

for calculating the net specific growth rate. Compared to these pure cultures, the five 

strains isolated in our study have higher net specific growth rates when the 1,4-dioxane 

concentrations are <0.5 mg/L. Further comparison of the kinetic parameters between the 
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five strains in this study and the pure and mixed cultures reported in the literature shows 

that the five strains in this study have lower half-maximum-rate concentrations (1.8 to 

8.2 mg-dioxane/L), higher biomass yields (0.29 to 0.38 mg-protein/mg-dioxane), lower 

decay coefficients (0.01 to 0.02 d−1), and lower maximum specific 1,4-dioxane utilization 

rates (0.24 to 0.47 mg-dioxane/(mg-protein · d)). The minimum 1,4-dioxane concentration 

required to sustain steady-state biomass ranged from 0.4 to 1.5 mg/L. The five strains were 

also similar in that they did not produce detectable 1,4-dioxane intermediates.

In order to further elucidate the metabolic pathways and enzymatic mechanisms underlying 

1,4-dioxane degradation by the isolated strains, future studies incorporating genomic and 

proteomic analyses are warranted. These analyses will provide a more comprehensive 

understanding of the metabolic capabilities of the organisms and contribute to the broader 

knowledge of biodegradation processes. Additionally, exploring the genomic and proteomic 

profiles of these strains will facilitate the identification of specific genes or enzymes critical 

to 1,4-dioxane degradation, ultimately aiding in the development of targeted bioremediation 

strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

Research reported in this publication was funded by the National Institute of Environmental Health Sciences 
of the National Institutes of Health, United States under Award Number R01ES032692. The content is solely 
the responsibility of the authors and does not necessarily represent the official views of the National Institutes 
of Health. Work performed at the National High Magnetic Field Laboratory ICR Facility was supported by 
the National Science Foundation Division of Chemistry and Division of Materials Research through NSF 
DMR-2128556, and the State of Florida.

DATA AVAILABILITY STATEMENT

All relevant data are included in the paper or its Supplementary Information.

REFERENCES

Adamson DT, Mahendra S, Walker KL, Rauch SR, Sengupta S & Newell CJ 2014 A multisite survey 
to identify the scale of the 1,4-dioxane problem at contaminated groundwater sites. Environmental 
Science & Technology Letters 1 (5), 254–258. 10.1021/ez500092u.

Adamson DT, Piña EA, Cartwright AE, Rauch SR, Anderson RH, Mohr T & Connor JA 2017 
1,4-Dioxane drinking water occurrence data from the third unregulated contaminant monitoring 
rule. Science of the Total Environment 596–597, 236–245. 10.1016/j.scitotenv.2017.04.085.

Barajas-Rodriguez FJ & Freedman DL 2018 Aerobic biodegradation kinetics for 1,4-dioxane under 
metabolic and cometabolic conditions. Journal of Hazardous Materials 350, 180–188. 10.1016/
j.jhazmat.2018.02.030. [PubMed: 29477886] 

Chen D, Jin X, Chen J, Ye J, Jiang N & Chen J 2016 Intermediates and substrate interaction 
of 1,4-dioxane degradation by the effective metabolizer Xanthobacter flavus DT8. International 
Biodeterioration & Biodegradation 106, 133–140. 10.1016/j.ibiod.2015.09.018.

Chiang SD, Anderson RH, Wilken M & Walecka-Hutchison C 2016 Practical perspectives of 1,4-
Dioxane investigation and remediation. Remediation 27 (1), 7–27. 10.1002/rem.21494.

Tesfamariam et al. Page 12

Water Sci Technol. Author manuscript; available in PMC 2024 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dai C, Wu H, Wang X, Zhao K & Lu Z 2022 Network and meta-omics reveal the cooperation patterns 
and mechanisms in an efficient 1,4-dioxane-degrading microbial consortium. Chemosphere 301, 
134723. 10.1016/j.chemosphere.2022.134723. [PubMed: 35489450] 

Doherty J. 2019 PEST Model-Independent Parameter Estimation. User Manual Part I: PEST, SENSAN 
and Global Optimisers, 7th edn. Watermark Numerical Computing, Brisbane, Australia.

EPA. 2017 Technical Fact Sheet – 1,4-Dioxane. United States Environmental Protection Agency 
Office, Office of Land and Emergency Management, Washington, D.C., USA.

Grostern A, Sales CM, Zhuang WQ, Erbilgin O & Alvarez-Cohena L 2012 Glyoxylate metabolism is 
a key feature of the metabolic degradation of 1,4-dioxane by Pseudonocardia dioxanivorans strain 
CB1190. Applied and Environmental Microbiology 78 (9), 3298–3308. 10.1128/AEM.00067-12. 
[PubMed: 22327578] 

Hatzinger PB, Banerjee R, Rezes R, Streger SH, Mcclay K & Schaefer CE 2017 Potential for 
cometabolic biodegradation of 1,4-dioxane in aquifers with methane or ethane as primary 
substrates. Biodegradation 28 (5–6), 453–468. 10.1007/s10532-017-9808-7. [PubMed: 29022194] 

He Y, Mathieu J, Yang Y, Yu P, da Silva MLB & Alvarez PJJ 2017a 1,4-Dioxane biodegradation 
by Mycobacterium Dioxanotrophicus PH-06 is associated with a group-6 soluble di-iron 
monooxygenase. Environmental Science & Technology Letters 4 (11), 494–499. 10.1021/
acs.estlett.7b00456.

He Y, Wei K, Si K, Mathieu J, Li M & Alvarez PJJ 2017b Whole-genome sequence of the 1,4-
dioxane-degrading bacterium Mycobacterium dioxanotrophicus PH-06. Genome Announcement 5 
(35), 1–3. 10.1128/genomeA.00625-17.

Huang H, Shen D, Li N, Shan D, Shentu J & Zhou Y 2014 Biodegradation of 1,4-Dioxane by 
a novel strain and its biodegradation pathway. Water, Air, & Soil Pollution 225, 2135. 10.1007/
s11270-014-2135-2.

Inoue D, Tsunoda T, Sawada K, Yamamoto N, Saito Y, Sei K & Ike M 2016 1,4-Dioxane degradation 
potential of members of the genera Pseudonocardia and Rhodococcus. Biodegradation 27 (4–6), 
277–286. 10.1007/s10532-016-9772-7. [PubMed: 27623820] 

Inoue D, Tsunoda T, Yamamoto N, Ike M & Sei K 2018 1,4-Dioxane degradation characteristics 
of Rhodococcus aetherivorans JCM 14343. Biodegradation 29 (3), 301–310. 10.1007/
s10532-018-9832-2. [PubMed: 29696449] 

Kim YM, Jeon JR, Murugesan K, Kim EJ & Chang YS 2009 Biodegradation of 1,4-dioxane and 
transformation of related cyclic compounds by a newly isolated Mycobacterium sp. PH-06. 
Biodegradation 20 (4), 511–519. 10.1007/s10532-008-9240-0. [PubMed: 19085063] 

Koch AL 2001 Oligotrophs versus copiotrophs. BioEssays 23 (7), 657–661. [PubMed: 11462219] 

Lee KH, Wie YM & Lee YS 2020 Characterization of 1,4-dioxane biodegradation by a microbial 
community. Water 12 (3372), 1–12. 10.3390/w12123372.

Li M, Mathieu J, Liu Y, Orden ETV, Yang Y, Fiorenza S & Alvarez PJJ 2014 The abundance 
of tetrahydrofuran/dioxane monooxygenase genes (thmA/dxmA) and 1,4-dioxane degradation 
activity are significantly correlated at various impacted aquifers. Environmental Science & 
Technology Letters 1, 122–127. 10.1021/ez400176h.

Luo Y, Long X, Wang B, Zhou C, Tang Y, Krajmalnik-Brown R & Rittmann BE 2021 A synergistic 
platform for continuous co-removal of 1,1,1-Trichloroethane, trichloroethene, and 1,4-dioxane via 
catalytic dechlorination followed by biodegradation. Environmental Science & Technology 55, 
6363–6372. 10.1021/acs.est.1c00542. [PubMed: 33881824] 

Ma F, Wang Y, Yang J, Guo H, Su D & Yu L 2021 Degradation of 1,4-dioxane by Xanthobacter 
sp. YN2. Current Microbiology 78 (3), 992–1005. 10.1007/s00284-021-02347-6. [PubMed: 
33547937] 

Mahendra S & Alvarez-cohen L 2006 Kinetics of 1,4-dioxane biodegradation by monooxygenase-
expressing bacteria. Environmental Science & Technology 40 (17), 5435–5442. 10.1021/
es060714v. [PubMed: 16999122] 

Mahendra S & Alvarez-Cohen L 2005 Pseudonocardia dioxanivorans sp. nov., a novel actinomycete 
that grows on 1,4-dioxane. International Journal of Systematic and Evolutionary Microbiology 55 
(2), 593–598. 10.1099/ijs.0.63085-0. [PubMed: 15774630] 

Tesfamariam et al. Page 13

Water Sci Technol. Author manuscript; available in PMC 2024 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mahendra S, Petzold CJ, Baidoo EE, Keasling JD & Alvarez-Cohen L 2007 Identification of 
the intermediates of in vivo oxidation of 1,4-dioxane by monooxygenase-containing bacteria. 
Environmental Science & Technology 41 (21), 7330–7336. 10.1021/es0705745. [PubMed: 
18044507] 

Matsui R, Takagi K, Sakakibara F, Abe T & Shiiba K 2016 Identification and characterization of 1,4-
dioxane-degrading microbe separated from surface seawater by the seawater-charcoal perfusion 
apparatus. Biodegradation 27, 155–163. 10.1007/s10532-016-9763-8. [PubMed: 27094948] 

Mohr T, Stickney J & DiGuiseppi B 2010 Environmental Investigation and Remediation: 1,4-Dioxane 
and Other Solvent Stabilizers. Taylor and Francis Group, Boca Raton, FL USA.

Nam JH, Ventura JRS, Yeom IT, Lee Y & Jahng D 2016 Structural and kinetic characteristics of 
1,4-dioxane-degrading bacterial consortia containing the phylum TM7. Journal of Microbiology 
and Biotechnology 26 (11), 1951–1964. 10.4014/jmb.1601.01095. [PubMed: 27470275] 

Parales RE, Adamus JE, White N & May HD 1994 Degradation of 1,4-dioxane by an actinomycete 
in pure culture. Applied and Environmental Microbiology 60 (12), 4527–4530. 10.1128/
aem.60.12.4527-4530.1994. [PubMed: 7811088] 

Pugazhendi A, Banu JR, Dhavamani J & Yeom IT 2015 Biodegradation of 1,4-dioxane by 
Rhodanobacter AYS5 and the role of additional substrates. Annals of Microbiology 65, 2201–
2208. 10.1007/s13213-015-1060-y.

Ramos-García ÁA, Walecka-Hutchison C & Freedman DL 2022 Effect of biostimulation and 
bioaugmentation on biodegradation of high concentrations of 1,4-dioxane. Biodegradation 33 (2), 
157–168. 10.1007/s10532-022-09971-4. [PubMed: 35102492] 

Rittmann BE & McCarty PL 2020 Environmental Biotechnology: Principles and Applications, 2nd 
edn. McGraw-Hill, New York, USA.

Rolston HM, Hyman MR & Semprini L 2019 Aerobic cometabolism of 1,4-dioxane by isobutane-
utilizing microorganisms including Rhodococcus rhodochrous strain 21198 in aquifer microcosms: 
Experimental and modeling study. Science of the Total Environment 694, 133688. 10.1016/
j.scitotenv.2019.133688. [PubMed: 31756820] 

Sales CM, Grostern A, Parales JV, Parales RE & Alvarez-Cohen L 2013 Oxidation of the cyclic ethers 
1,4-dioxane and tetrahydrofuran by a monooxygenase in two Pseudonocardia species. Applied and 
Environmental Microbiology 79 (24), 7702–7708. 10.1128/AEM.02418-13. [PubMed: 24096414] 

Sei K, Miyagaki K, Kakinoki T, Fukugasako K, Inoue D & Ike M 2013a Isolation and characterization 
of bacterial strains that have high ability to degrade 1,4-dioxane as a sole carbon and energy 
source. Biodegradation 24, 665–674. 10.1007/s10532-012-9614-1. [PubMed: 23239086] 

Sei K, Oyama M, Kakinoki T, Inoue D & Ike M 2013b Isolation and characterization 
of tetrahydrofuran-degrading bacteria for 1,4-dioxane-containing wastewater treatment by co-
metabolic degradation. Journal of Water and Environment Technology 11 (1), 11–19.

Simmer RA, Richards PM, Ewald JM, Schwarz C, Silva MLB, Mathieu J, Alvarez PJJ & Schnoor 
JL 2021 Rapid metabolism of 1,4-dioxane to below health advisory levels by thiamine-amended 
rhodococcus ruber strain 219. Environmental Science & Technology Letters 8 (11), 975–980. 
10.1021/acs.estlett.1c00714.

Tamura K, Stecher G & Kumar S 2021 MEGA11: molecular evolutionary genetics analysis version 
11. Molecular Biology and Evolution 38 (7), 3022–3027. 10.1093/molbev/msab120. [PubMed: 
33892491] 

Tang Y 2023 A review of challenges and opportunities for microbially removing 1,4-dioxane to meet 
drinking-water and groundwater guidelines. Current Opinion in Environmental Science & Health 
31, 100419. 10.1016/j.coesh.2022.100419. [PubMed: 36582465] 

Tusher TR, Inoue C & Chien MF 2022 Efficient biodegradation of 1,4-dioxane commingled with 
additional organic compound: role of interspecies interactions within consortia. Chemosphere 308, 
136440. 10.1016/j.chemosphere.2022.136440. [PubMed: 36116621] 

Tusher TR, Shimizu T, Inoue C & Chien MF 2020 Enrichment and analysis of stable 1,4-dioxane-
degrading microbial consortia consisting of novel dioxane-degraders. Microorganisms 8 (50), 1–
16. 10.3390/microorganisms8010050.

Tesfamariam et al. Page 14

Water Sci Technol. Author manuscript; available in PMC 2024 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tusher TR, Shimizu T, Inoue C & Chien MF 2021 Isolation and characterization of novel 
bacteria capable of degrading 1,4-dioxane in the presence of diverse co-occurring compounds. 
Microorganisms 9 (887), 1–14. 10.3390/microorganisms9050887.

Wang P, Li F, Wang W, Wang R, Yang Y, Cui T, Liu N & Li M 2021 Cometabolic degradation of 1,4-
dioxane by a tetrahydrofuran-growing Arthrobacter sp. WN18. Ecotoxicology and Environmental 
Safety 217, 112206. 10.1016/j.ecoenv.2021.112206. [PubMed: 33866286] 

Xiong Y, Mason OU, Lowe A, Zhang Z, Zhou C, Chen G, Villalonga MJ & Tang Y 
2020 Investigating promising substrates for promoting 1,4-dioxane biodegradation: Effects of 
ethane and tetrahydrofuran on microbial consortia. Biodegradation 31 (3), 171–182. 10.1007/
s10532-020-09901-2. [PubMed: 32361902] 

Xiong Y, Mason OU, Lowe A, Zhou C, Chen G & Tang Y 2019a Microbial community analysis 
provides insights into the effects of tetrahydrofuran on 1,4-dioxane biodegradation. Applied and 
Environmental Microbiology 85 (11), 1–11. 10.1128/AEM.00244-19.

Xiong Y, Wang B, Zhou C, Chen H, Chen G & Tang Y 2022 Determination of growth 
kinetics of microorganisms linked with 1,4-dioxane degradation in a consortium based on two 
improved methods. Frontiers of Environmental Science & Engineering 16 (5), 62. 10.1007/
s11783-022-1567-y.

Xiong Y, Zhang Q, Wandell R, Bresch S, Wang H, Locke BR & Tang Y 2019b Synergistic 1,4-dioxane 
removal by non-thermal plasma followed by biodegradation. Chemical Engineering Journal 361, 
519–527. 10.1016/j.cej.2018.12.094.

Yamamoto N, Saito Y, Inoue D, Sei K & Ike M 2018 Characterization of newly isolated 
Pseudonocardia sp. N23 with high 1,4-dioxane-degrading ability. Journal of Bioscience and 
Bioengineering 125 (5), 552–558. 10.1016/j.jbiosc.2017.12.005. [PubMed: 29301721] 

Zenker MJ, Borden RC & Barlaz MA 2002 Modeling cometabolism of cyclic ethers. Environmental 
Engineering Science 19 (4), 215–228. 10.1089/109287502760271535.

Zenker MJ, Borden RC & Barlaz MA 2003 Occurrence and treatment of 1,4-
dioxane in aqueous environments. Environmental Engineering Science 20 (5), 423–432. 
10.1089/109287503768335913.

Zhang S, Gedalanga PB & Mahendra S 2017 Advances in bioremediation of 1,4-dioxane-contaminated 
waters. Journal of Environmental Management 204 (2), 765–774. 10.1016/j.jenvman.2017.05.033. 
[PubMed: 28625566] 

Tesfamariam et al. Page 15

Water Sci Technol. Author manuscript; available in PMC 2024 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIGHLIGHTS

• A low 1,4-dioxane concentration-based enrichment strategy was evaluated.

• A combination of centrifugation and dilution is the best enrichment strategy.

• Five isolated strains have higher net specific growth rates compared to the 

literature.

• The kinetics of the five isolated strains are suitable for oligotrophic 

environments.

• Nitrobacter sp. WCD6H is the first 1,4-dioxane-metabolizing strain in 

Nitrobacter.
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Figure 1 ∣. 
Phylogenetic tree based on partial 16S rRNA gene sequences showing the evolutionary 

relationship among five 1,4-dioxane-metabolizing bacteria isolated in this study (LCD6B, 

LCD6D, WC10G, WCD6H, and WD4H) and bacteria reported in the literature that can 

metabolically degrade 1,4-dioxane. Note: Nitrobacter sp. TS12, which cannot degrade 1,4-

dioxane (Tusher et al. 2022), is added to the tree to show the evolutionary relationship of 

WCD6H.
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Figure 2 ∣. 
Comparison of experimental data and model-simulated results for 1,4-dioxane and biomass 

concentrations in the kinetic experiments used for parameter estimation. The inset graphs 

show fittings for 1,4-dioxane concentrations below 1 mg/L.
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Figure 3 ∣. 
Net specific growth rates for 1,4-dioxane-metabolizing pure cultures isolated in this study 

and reported in the literature. Note: P. dioxanivorans CB1190 (Barajas-Rodriguez & 

Freedman 2018) and P. dioxanivorans BERK-1 (Ramos-García et al. 2022) are the only 

pure cultures with a full set of kinetic parameters reported in the literature.
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Figure 4 ∣. 
Comparison of kinetic parameters of the 1,4-dioxane-metabolizing pure cultures isolated in 

this study and 1,4-dioxane-metabolizing pure and mixed cultures in the literature.
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Figure 5 ∣. 
Comparison of kinetic parameters for Afipia and Pseudonocardia isolated in this study and 

reported in the literature. Note: Afipia in the literature has no reported biomass decay value.
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Figure 6 ∣. 
Comparison of experimental data and modeling results for 1,4-dioxane and biomass 

concentrations during model evaluation.
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Figure 7 ∣. 
Comparison of 1,4-dioxane and total COD concentrations for the 1,4-dioxane-metabolizing 

pure cultures isolated in this study. The 1,4-dioxane concentrations were converted from 

mg-1,4-dioxane/L to mg-COD/L by a conversion factor of 1.82. Aqueous samples used for 

COD measurements were filtered by 0.20 μm Acrodisc® syringe filters.
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Table 1 ∣

Description of model parameters

Parameter Description Unit

(a) Model input parameters

N Total number of experimental measurements –

Sd(t)
e 1,4-Dioxane concentration in the experiment at time t mg-dioxane/L

t Time d

T Time at the end of each experiment d

X(t)
e Biomass concentration in the experiment at time t mg-protein/L

(b) Model output parameters

b Biomass decay coefficient 1/d

Kd Half-maximum-rate concentration of 1,4-dioxane mg-dioxane/L

MSRR Mean sum of squared relative residuals –

qd Maximum specific 1,4-dioxane utilization rate mg-dioxane/(mg-protein·d)

Sd or Sd(t)
m 1,4-Dioxane concentration at time t of the model mg-dioxane/L

Sd
min Minimum 1,4-dioxane concentration mg-dioxane/L

X or X(t)
m Biomass concentration at time t of the model mg-protein/L

Y d Biomass yield of 1,4-dioxane mg-protein/(mg-dioxane)

μ Net specific growth rate of active biomass 1/d
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Table 2 ∣

Summary of 1,4-dioxane-metabolizing pure cultures and their corresponding 1,4-dioxane degrading genes

Pure cultures in this 
study Pure cultures in the literature

1,4-Dioxane 
degrading
genes Notes References

Dokdonella sp. LCD6B Dokdonella sp. TS32 thmA/dxmA Tetrahydrofuran/dioxane 
monooxygenase

Tusher et al. (2021)

Acinetobacter sp. LCD6D Acinetobacter baumannii DD1 – No study on 1,4-dioxane 
degrading genes

Huang et al. (2014)

Afipia sp. WC10G Afipia sp. TS43 thmA/dxmA Tetrahydrofuran/dioxane 
monooxygenase

Tusher et al. (2021)

Nitrobacter sp. WCD6H – – No study on 1,4-dioxane 
degrading genes

–

Pseudonocardia sp. WD4H Pseudonocardia dioxanivorans 
CB1190

thmADBC Tetrahydrofuran 
monooxygenase

Grostern et al. (2012)

Pseudonocardia dioxanivorans 
JCM 13855

thmA/dxmA Tetrahydrofuran/dioxane 
monooxygenase

Inoue et al. (2016)

Pseudonocardia sp. D17 thmA/dxmA Tetrahydrofuran/dioxane 
monooxygenase

Inoue et al. (2016)

Pseudonocardia sp. TS28 thmA/dxmA Tetrahydrofuran/dioxane 
monooxygenase

Tusher et al. (2021)
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Table 3 ∣

Summary of kinetic parameters and minimum 1,4-dioxane concentrations required for the 1,4-dioxane-

metabolizing strains isolated in this study

Pure culture qd
mg dioxane

mg protein ⋅ d Kd
mg dioxane

L γd
mg protein
mg dioxane b 1

d Sd
min mg dioxane

L MSRR

Dokdonella sp. LCD6B 0.24 7.7 0.34 0.01 1.5 0.04

Acinetobacter sp. LCD6D 0.27 5.6 0.38 0.02 1.3 0.02

Afipia sp. WC10G 0.47 8.2 0.36 0.02 1.0 0.11

Nitrobacter sp. WCD6H 0.24 1.8 0.30 0.01 0.4 0.08

Pseudonocardia sp. WD4H 0.26 5.3 0.29 0.01 0.8 0.01
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