
 
 

 

 
 

Formation mechanism of organo-chromium (III) complexes from bioreduction of chromium
(VI) by Aeromonas hydrophila

Huang, Xue-Na; Min, Di; Liu, Dong-Feng; Cheng, Lei; Qian, Chen; Li, Wen-Wei; Yu, Han-
Qing

Published in:
Environment International

Published: 01/08/2019

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.envint.2019.05.016

Publication details:
Huang, X-N., Min, D., Liu, D-F., Cheng, L., Qian, C., Li, W-W., & Yu, H-Q. (2019). Formation mechanism of
organo-chromium (III) complexes from bioreduction of chromium (VI) by Aeromonas hydrophila. Environment
International, 129, 86-94. https://doi.org/10.1016/j.envint.2019.05.016

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/formation-mechanism-of-organochromium-iii-complexes-from-bioreduction-of-chromium-vi-by-aeromonas-hydrophila(5332f3d8-44f6-4622-8e71-c031c2fd94ae).html
https://doi.org/10.1016/j.envint.2019.05.016
https://scholars.cityu.edu.hk/en/persons/di-min(c5332057-6e33-42e0-9a33-db703a364d37).html
https://scholars.cityu.edu.hk/en/publications/formation-mechanism-of-organochromium-iii-complexes-from-bioreduction-of-chromium-vi-by-aeromonas-hydrophila(5332f3d8-44f6-4622-8e71-c031c2fd94ae).html
https://scholars.cityu.edu.hk/en/publications/formation-mechanism-of-organochromium-iii-complexes-from-bioreduction-of-chromium-vi-by-aeromonas-hydrophila(5332f3d8-44f6-4622-8e71-c031c2fd94ae).html
https://scholars.cityu.edu.hk/en/publications/formation-mechanism-of-organochromium-iii-complexes-from-bioreduction-of-chromium-vi-by-aeromonas-hydrophila(5332f3d8-44f6-4622-8e71-c031c2fd94ae).html
https://scholars.cityu.edu.hk/en/journals/environmental-international(b13d0455-6014-42d3-b13f-1778a8a0f1ce)/publications.html
https://scholars.cityu.edu.hk/en/journals/environmental-international(b13d0455-6014-42d3-b13f-1778a8a0f1ce)/publications.html
https://doi.org/10.1016/j.envint.2019.05.016


Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Formation mechanism of organo-chromium (III) complexes from
bioreduction of chromium (VI) by Aeromonas hydrophila

Xue-Na Huang1, Di Min1, Dong-Feng Liu⁎, Lei Cheng, Chen Qian, Wen-Wei Li, Han-Qing Yu⁎

CAS Key Laboratory of Urban Pollutant Conversion, Department of Applied Chemistry, University of Science and Technology of China, Hefei 230026, China

A R T I C L E I N F O

Handling Editor: Zhen He

Keywords:
Chromium
Chromium-contaminated environments
Bioreduction
Aeromonas
Organo-Cr(III) complexes
Medium composition

A B S T R A C T

Chromium is a common heavy metal widely present in aquatic environments. Cost-effective remediation of
chromium-contaminated environment can be realized by microbial reduction of Cr(VI) to Cr(III). The genus
Aeromonas species is one of such Cr(VI) reducers, whose reduction mechanism remains unrevealed and the main
factors governing the Cr(VI) reduction pathways are unknown yet. In this work, the performances and me-
chanisms of Cr(VI) anaerobic reduction by Aeromonas hydrophila ATCC 7966 were investigated. This strain
exhibited excellent Cr(VI) resistance and could utilize a suite of electron donors to support Cr(VI) bioreduction.
The Cr(VI) bioreduction processes involved both extracellular (the metal-reducing and respiratory pathway) and
intracellular reaction pathways. Adding anthraquinone-2,6-disulfonate or humic acid as a mediator substantially
enhanced the Cr(VI) bioreduction. The forms and distribution of the Cr(VI) bioreduction products were affected
by the medium composition. Soluble organo-Cr(III) complexes were identified as the main Cr(VI) reduction
products when basal salts medium was adopted. Given the environmental ubiquity of the genus Aeromonas, the
findings in this work may facilitate a better understanding about the transformation behaviors and fates of Cr(VI)
in environments and provide useful clues to tune the bioremediation of chromium-contaminated environments.

1. Introduction

Chromium (Cr) is a heavy metal widely exists in rivers, lakes and
sediments (Chen and Hao, 1998). The high toxicity of Cr(VI) has
aroused widespread concerns (Loumbourdis and Wray, 1998; Parks
et al., 2004; Ramessur and Ramjeawon, 2002), and its concentration in
drinking water has been strictly controlled. Microbial reduction of
aqueous Cr(VI) to less toxic Cr(III) precipitates is recognized as an en-
vironmentally friendly way to remediate chromium-polluted environ-
ment (Chen and Hao, 1998; Korak et al., 2017). Such microbial re-
duction processes involve a series of intracellular and/or extracellular
enzymatic reactions without apparent linkage to energy metabolism
(Ahemad, 2014; Chen and Hao, 1998). Many aerobic and anaerobic
microbes are capable of reducing Cr(VI) to Cr(III) as a part of the de-
toxification strategy (Chen and Hao, 1998; Cummings et al., 2007;
Francisco et al., 2002; Li et al., 2008). Such Cr(VI) bioreduction pro-
cesses mainly rely on the Cr(VI) reductases located either on cell
membranes or insides cells as soluble proteins. Several bacterial oxi-
doreductases capable of Cr(VI) reduction, such as flavin reductases,
NAD(P)H dependant reductases, iron reductase, hydrogenases, quinone
reductases and nitroreductase, have been identified (Chen and Hao,

1998). The locations of Cr(VI) reductases vary for different bacteria.
Membrane-bound Cr(VI) reductases were mainly found in Enterobacter
cloacae HO1 and Pseudomonas fluorescens LB300, while soluble Cr(VI)
reductase activities widely present in Desulfovibrio vulgaris, Pseudo-
monas putida PRS2000, Escherichia coli ATCC 33456, and Parmeliopsis
ambigua G-1 (Chen and Hao, 1998). In others species, redox-active
biomolecules such as cytochromes also contribute to nonspecific re-
duction of Cr(VI) (Belchik et al., 2011; Lovley and Phillips, 1994). For
example, Shewanella oneidensis MR-1 possesses a metal-reducing and
respiratory pathway (the Mtr respiratory pathway), consisting of five
primary protein components OmcA, MtrC, MtrA, MtrB, and CymA, that
plays essential roles in the Cr(VI) reduction (Belchik et al., 2011). Other
bacteria such as Desulfotomaculum reducens and Pantoea agglomerans are
also capable of anaerobic respiration by using Cr(VI) as a terminal
electron acceptor (Francis et al., 2000; Tebo and Obraztsova, 1998). In
addition to direct enzymatic reduction, Cr(VI) bioreduction could also
be mediated by reduced iron and sulfur species in the environment
(Buerge and Hug, 1997; Fendorf et al., 2000; Kim et al., 2001).

Dissimilatory metal reducing bacteria (DMRB) play important roles
in the reduction of Cr(VI) to Cr(III) in anoxic subsurface environments
(Belchik et al., 2011; Gong et al., 2018). However, previous studies are
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focused mainly on Shewanella and Geobacter species, while information
about the Cr(VI) reduction by other DMRB is still very limited. The
genus Aeromonas is one such Cr(VI) reducer ubiquitously present in a
variety of habitats, especially in fresh water and brackish, estuarine,
and marine environments (Figueira et al., 2011; Huang et al., 2012;
Janda and Abbott, 2010; Millership and Chattopadhyay, 1985;
Nsabimana et al., 2000; Seshadri et al., 2006). These species could
utilize various carbon sources to support their growth (Janda and
Abbott, 2010; Knight and Blakemore, 1998) and are capable of dis-
similatory metal reduction (Knight and Blakemore, 1998; Liu et al.,
2014). Among the chromium tolerant aeromonads isolated from chro-
mium contaminated areas (Chen and Hao, 1998; Srinath et al., 2001),
two aeromonads with Cr(VI) reduction ability, Aeromonas dechromatica
and Aeromonas hydrophila, have been identified (Knight and Blakemore,
1998; Knight et al., 1996). The Mtr respiratory pathway and a chromate
transport protein (ChrA) encoding genes both exist in the genomes of
the genus Aeromonas (https://www.ncbi.nlm.nih.gov/), implying they
might play roles in the Cr(VI) reduction by this genus but direct evi-
dences are still lacking. Moreover, the distributions and fates of Cr(VI)
reduction products differ significantly among the DMRB strains. The
formed Cr(III) in S. oneidensis MR-1 is mainly precipitated on the cell
walls (Belchik et al., 2011), while that produced by Shewanella sp. MR-4
mainly presents in the form of soluble organo-Cr(III) and is easily re-
leased to solution (Bencheikh-Latmani et al., 2007). In Geobacter sul-
furreducens PCA, different forms of Cr(III) products, including pre-
cipitate on cell walls, organo-Cr(III) in solution and intracellular Cr(III),
co-exist (Gong et al., 2018). However, information about the forms and
fates of Cr(VI) reduction products in the genus Aeromonas is still
lacking.

The aims of this work are to elucidate the Aeromonas-mediated Cr
(VI) reduction mechanism at a molecular level and explore the gov-
erning factors of the bioreduction process. The bioreduction perfor-
mances of A. hydrophila ATCC 7966 was selected as a model DMRB, and
the contribution of its Mtr respiratory pathway in the Cr(VI) bior-
eduction was investigated. In addition, the extracellular and in-
tracellular reduction pathways, including the roles of mediators, were
evaluated. The distribution of Cr(VI) reduction products in cells were
analyzed and the potential impact of medium components on the fate of
Cr(III) were assessed. The findings in this study may provide useful
reference for bioremediation of Cr-contaminated aquatic environments.

2. Materials and methods

2.1. Microbial strains and mutant strain construction

The cultivation details of A. hydrophila and Escherichia coli strains
are provided in Supplementary material. Mutants with the in-frame
deletion of the mtrA, mtrB and mtrC in A. hydrophila ATCC 7966 were
constructed essentially as described previously (Min et al., 2017).

2.2. Cr(VI) resistance and bioreduction tests

In the Cr(VI) resistance tests, the strain A. hydrophila ATCC 7966
was first aerobically grown in LB medium for 12 h, then 10 μL aliquots
of the overnight cultures were inoculated into a final volume of 200 μL
LB medium with Cr(VI) (final concentration: 0–100mg/L) in 96-well
microplates. These plates were then shaken in a Synergy HT Microplate
Reader (BioTek Instruments Co., USA) at 30 °C. The cell concentration
was determined by measuring its optical density at 600 nm per 30min.

In the Cr(VI) reduction tests, two different media were used. The
basal salts medium (BSM medium) contained (per liter): 1.5 g NH4Cl,
0.78 g NaH2PO4, 2.5 g NaHCO3, 0.1 g KCl, 0.1 g yeast extract, and 1mL
of trace mineral stock solution (Knight and Blakemore, 1998). The
medium was adjusted to pH 7.2 and sparged with a mixture of N2:CO2

(80:20) to remove dissolved oxygen. After the overnight cultivation of
the strain A. hydrophila ATCC 7966 in LB medium, the harvested cells

were inoculated into 100-mL serum vials at an initial optical density
(OD600) of 0.4. Each vial contained 30mL pre-deoxygenated exposure
BSM medium, an electron donor, and Cr(VI). After bacterial inocula-
tion, the vials were held in an anaerobic glove boxes for the subsequent
tests. To obtain abiotic controls, bacteria were heat inactivated at
121 °C for 20min. The factors affecting Cr(VI) reduction abilities of the
bacterium, including initial Cr(VI) concentration, carbon sources and
redox mediators, were evaluated. First, the effect of initial Cr(VI) con-
centration (20–100mg/L) was investigated with 2.24 g of sodium lac-
tate as an electron donor. Secondly, by fixing the initial Cr(VI) con-
centration at 25mg/L, different carbon sources (including glucose,
sucrose, lactate, pyruvate, glycerol, ethanol, acetate, propionic acid,
formic acid and succinic acid) were tested. Finally, the influences of
different types of redox mediators (including riboflavin, anthraquinone-
2,6-disulfonate (AQDS), humic acid) at different concentrations were
evaluated. Humic acid was purchased from Sigma-Aldrich Co., USA.
Mineral salt medium (MSM medium) was also used in the Cr(VI) re-
duction tests. The medium composition is the same as in a previous
report (Min et al., 2017), containing (per liter): 1.5 g NH4Cl, 0.67 g
NaH2PO4·2H2O, 11.91 g HEPES, 0.1 g KCl, 5.85 g NaCl, 0.3 g NaOH,
and 1mL of trace mineral stock solution. All A. hydrophila strains were
cultured at 30 °C at 200 rpm.

2.3. Analysis

The DPC (diphenylcarbazide) method was used to determine the Cr
(VI) concentration as reported previously (Urone, 1955). The total
chromium concentration in the supernatant was measured after all
chromium species were oxidized to Cr(VI) by KMnO4 (pH=2.0) at
100 °C. The Cr(VI) reductase activity, absorbance spectra, and electron
paramagnetic resonance spectroscopy (EPR) analysis of monomeric
chromium standard and soluble organo-Cr(III) complexes were per-
formed using the methods described previously (Puzon et al., 2005;
Zhang et al., 2014).

The strain ATCC 7966 cells were characterized by scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS, JSM-6700F,
JEOL Inc., Japan) and transmission electron microscopy (TEM, JEM-
2011, JEOL Inc., Japan) to determine the location of the reduced pro-
ducts. After 48-h reaction, the microbial cells associated with the re-
duced products were harvested by centrifugation, and then fixed with
2.5% glutaraldehyde, followed by washing the samples with a series of
10mL ethanol (concentration gradient from 0% to 100%). The dehy-
drated samples were then transferred into silicon pellet and air dried
prior to SEM observation. For TEM imaging, the dehydrated samples
were embedded and sectioned into ultra-thin slices. Sectioned samples
were observed with TEM at 200 kV. High-resolution X-ray photoelec-
tron spectroscopy (XPS) analysis of the samples after Cr(VI) reduction
was performed using the method described previously (Li et al., 2014).

3. Results

3.1. Cr(VI)-resisting and -reducing abilities of A. hydrophila ATCC 7966

In the Cr(VI) resistance assays, raising the Cr(VI) concentration from
0 to 6.25mg/L only slightly delayed the aerobic growth of the strain
ATCC 7966 (Fig. S1a). At 25mg/L Cr(VI) concentration, the strain still
recovered its growth in LB medium after 24-h incubation. The microbial
growth was severely inhibited only when the Cr(VI) concentration
reached 50mg/L. The Cr(VI) reduction ability of the strain was also
tested. Compared with the heat-inactivated control that showed no Cr
(VI) reduction, the ATCC 7966 strain exhibited remarkable Cr(VI) re-
duction ability under anaerobic conditions in BSM medium when lac-
tate was used as an electron donor (Fig. S1b). Thus, the reduction of Cr
(VI) by this strain was ascribed solely to biochemical process.

The initial concentration of Cr(VI) obviously affected its bioreduc-
tion. The Cr(VI) reduction process in the initial 48 h by the strain ATCC
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7966 followed the first-order kinetics. The rate constant (k) of Cr(VI)
reduction declined considerably from 0.084 to 0.009 h−1 when raising
the initial Cr(VI) concentration from 20 to 100mg/L (Fig. S1b), in-
dicating that the metabolic activity of the strain ATCC 7966 might be
suppressed by the high concentrations of Cr(VI). Thus, a moderate in-
itial Cr(VI) concentration of 25mg/L was selected for the subsequent
tests.

The genus Aeromonas strain could utilize various electron donors to
reduce metals, including Cr(VI) reduction, under anaerobic conditions
(Knight and Blakemore, 1998). As expected, Cr(VI) reduction all oc-
curred within 60 h with the dose of different carbon sources, but the Cr
(VI) reduction rates varied significantly (Fig. 1). Glucose, pyruvate,
lactate, and sucrose enabled relatively higher Cr(VI) reduction rate than
the other electron donors. The Cr(VI) reduction rates were 0.200,
0.125, 0.175, 0.090 and 0.075mg/L/h for glycerol, ethanol, acetate,
propionic acid, and formic acid, respectively. Moreover, this strain
could not use succinic acid as the sole electron donor for Cr(VI) re-
duction. In the subsequent tests, lactate was selected as the sole electron
donor for Cr(VI) bioreduction.

3.2. Extracellular and intracellular Cr(VI) reductions pathways

The Mtr respiratory pathway is an important anaerobic metal re-
duction pathway for many DMRB (Coursolle et al., 2010; Shi et al.,
2012a; Shi et al., 2012b). The Mtr respiratory pathway also exists in the
genome of the strain ATCC 7966. The mtrCAB homologues in the strain
ATCC 7966 are clustered in the same sequential order of mtrC-mtrA-
mtrB, but no omcA, undA or undA1 homologue is found in A. hydrophila
(https://www.genome.jp/kegg/genome.html). To find out whether the
Mtr respiratory pathway in the strain ATCC 7966 was also involved in
the Cr(VI) bioreduction, the Cr(VI) reduction performances of the wide
type strain and its mutants associated with the Mtr respiratory pathway
were compared (Fig. 2 and Table S1).

As shown in Fig. 2, the highest Cr(VI) reduction rate was achieved
by the wild type strain. The ΔmtrA, ΔmtrB and ΔmtrC showed an effi-
ciency loss of 30%, 26%, 20% respectively during 96-h reaction, in-
dicating that the Mtr respiratory pathway also played an important role
in the Cr(VI) bioreduction. Meanwhile, the partially remaining reduc-
tion activity of these mutants implies there were also other extracellular

pathways or intracellular reactions accounted for the Cr(VI) reduction.
To better understand the Cr(VI) bioreduction pathways, the Cr(VI) re-
duction activities of different cell fractions were also tested. The high Cr
(VI) reduction activities of both the membrane and cytoplasmic cell
fractions (Table S2) suggested that both intracellular and extracellular
Cr(VI) reduction pathways existed in this strain.

3.3. Role of redox mediators in Cr(VI) bioreduction

Flavins, phenazines, and humic substances could act as mediators to
accelerate extracellular reduction of metals by DMRB (Han et al., 2017;
Liu et al., 2017; Lovley et al., 1998; von Canstein et al., 2008). To find
out whether a mediated bioreduction of Cr(VI) also occurred in the
strain ATCC 7966, several redox mediators including riboflavin, AQDS
(the humic acid analog), and humic acid was separately added into the
culture. The Cr(VI) reduction process in the initial 48 h by the strain
ATCC 7966 all followed the first-order kinetics with addition of dif-
ferent mediators, and the corresponding reduction rate constants were
compared (Table S3). Adding 5 μM riboflavin, 10 μM riboflavin, or
0.2 mg/L humic acid showed no obvious promotion effect on the Cr(VI)
reduction relative to the mediator-free control (0.032 ± 0.0033 h−1,
Table S3). However, the Cr(VI) reduction was significantly accelerated
by adding 2mg/L humic acid (0.14 ± 0.012 h−1), 2.5 μM AQDS
(0.048 ± 0.0056 h−1), or 5 μM AQDS (0.095 ± 0.010 h−1), resulting
in 338%, 50%, and 197% increase respectively compared with the
control (Table S3). AQDS and humic acid reacted more quickly with Cr
(VI) and enhanced the Cr(VI) reduction to a greater degree than ribo-
flavin. This observation was consistent with a previous report about
mediated extracellular reduction of roxarsone by Shewanella pu-
trefaciens CN32 (Han et al., 2017). In all, these results indicated that the
strain ATCC 7966 was able to utilize multiple mediators to accelerate
extracellular Cr(VI) reduction.

The Mtr respiratory pathway is an essential route for reducing ex-
tracellular mediators by S. oneidensis MR-1 (Coursolle et al., 2010). The
same seems to also apply for the strain ATCC 7966. As shown in Table
S3, the Cr(VI) reduction of the MtrC-deleted mutant was not accelerated
by dosing AQDS, whereas the reduction activity of the wide type was
significantly improved by AQDS addition. Similar results have also been
reported previously that dosing AQDS could increase the reduction
rates of Cr(VI) by S. oneidensis MR-1 and Ochrobactrum intermedium
BCR400 (Kavita and Keharia, 2012; Lowe et al., 2003). These results
verify an important role of the Mtr respiratory pathway in mediated Cr

Fig. 1. Effects of electron donors on the reduction Cr(VI) at an initial con-
centration of 25mg/L by the strain ATCC 7966. Controls without electron
donors are used to determine the background levels of Cr(VI) reduction by the
strain ATCC 7966.

Fig. 2. Anaerobic reduction of Cr(VI) at an initial concentration of 25mg/L by
the strain ATCC 7966 wild type and mutant strains (ΔmtrA, ΔmtrB, and ΔmtrC).
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Fig. 3. Characterization of the reduced products of Cr(VI) by the strain ATCC 7966 cultivated in two different mediums. (a) is the image of cells centrifuged after 72-h
cultivation in BSM medium without Cr(VI) under aerobic conditions; (b) and (c) are the images of cells centrifuged after 72-h cultivation in BSM and MSM medium
with Cr(VI) under anaerobic conditions, respectively; (d) and (f) are the SEM-EDX results of the reduced products in cells cultivated in BSM medium; (e) and (g) are
the SEM-EDX results of the reduced products in cells cultivated in MSM medium; (h) and (i) are the XPS results of the reduced products in cells cultivated in BSM and
MSM medium, respectively.
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(VI) reduction by the strain ATCC 7966.

3.4. Identification of the Cr(VI) reduction products

After 72-h incubation of the ATCC 7966 in BSM medium, no obvious
precipitates were found in the bottom of serum vials (Fig. 3b) and the
total chromium in the supernatant showed only slight decrease.
Therefore, the Cr(VI) reduction by the strain ATCC 7966 did not result
in Cr precipitate. Chromium was not completely immobilized by the
strain either, and only a few particles or aggregates were observed on
the cell surface (Fig. 3d). There are two possible reasons for this in-
teresting observation. First, the generated Cr(III) might coordinate with
small organic molecules such as organic acids and amino acids secreted
by the strain in the supernatant to form soluble organo-Cr(III) com-
plexes. Secondly, chromium might penetrate cell membranes and was
further reduced inside the cells. This was supported by the fact that the
Cr(VI) concentration decreased gradually whereas the soluble organo-
Cr(III) complexes in the supernatant, estimated by deducting the re-
sidual Cr(VI) from the total chromium, increased during the incubation
period (Fig. 4).

The formation of soluble Cr(III) end-products in the Cr(VI) bior-
eduction process was further verified by spectroscopic examination. Cr
(III) species shows a characteristic peak around 580–600 nm in ab-
sorption spectroscopy (Puzon et al., 2005). Absorbance spectra of

monomeric (5 mM Cr(NO3)3) and organo-Cr(III) complex (ascorbate-Cr
(III)) controls were compared to those of the supernatant sample col-
lected after 48-h incubation in BSM medium and soluble organo-Cr(III)
complexes (e.g., lactate-Cr(III), yeast extract-Cr(III), ketoglutarate-Cr
(III), histidine-Cr(III)) (Fig. S3). The absorbance peaks of the 48-h su-
pernatant sample and soluble organo-Cr(III) complexes except histi-
dine-Cr(III) exhibited comparable absorption curves to that of the as-
corbate-Cr(III) complex, while a redshift of the spectrum was observed
in comparison to the monomeric Cr(NO3)3. The Cr(III) species in the
supernatant sample collected after 48-h incubation (Fig. 5) was further
confirmed by EPR analysis. The EPR spectra of 5mM Cr(NO3)3 and the
ascorbate-Cr(III) complex were compared to those of the soluble lac-
tate-Cr(III) complex and the supernatant sample. Although all samples
exhibited a peak centered at g= 1.94, a broad peak (peak–peak dis-
tance= 50mT) was detected in the ascorbate-Cr(III) complex, lactate-
Cr(III) complex, and the supernatant sample collected after 48-h in-
cubation, while a sharp peak (peak–peak distance=5mT) was found
in the monomeric Cr(NO3)3 sample. These results suggest that most Cr
(VI) in the supernatant was reduced into soluble organo-Cr(III) com-
plexes when the strain was cultured in BSM medium. Soluble organo-Cr
(III) complexes were also the major products of Cr(VI) reduction by the
mutants despite of their decreased Cr(VI) reduction abilities (Fig. 4).
Therefore, blocking the Mtr respiratory pathway only impaired its Cr
(VI) reduction ability, but did not affect the species and spatial

Fig. 4. Distribution of Cr in the reaction system after Cr(VI) reduction during 72-h incubation in the BSM medium by the strain ATCC 7966 wild type (a) and ΔmtrA
(b), ΔmtrB (c), and ΔmtrC (d).
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distribution of Cr(VI) reduction products.
The slight decrease of soluble total chromium in the supernatant

while absence of precipitates formation implied a small amount of the
generated Cr(III) reduction should had enter the microbial cells.
Examination on the distribution of chromium inside the strains by thin-
section TEM and EDS showed that no Cr(III) precipitates were formed
inside the wild type cells when cultured in Cr(VI)-free medium (Fig.
S4a). However, obvious formation of circular chromium precipitates
was found in the cells after 48 h cultivation in Cr(VI)-spiked medium
(Fig. S4b). This presence of intracellular chromium was further con-
firmed by the EDS analysis (Fig. S4c and d). The intracellular Cr(VI)
reductase or metabolites might play an important role in reducing Cr
(VI) into insoluble Cr(III) and forming precipitates inside the cells.

3.5. Impact of medium components on fates of the Cr(VI) reduction
products

To investigate the impact of medium components on fate of the Cr
(VI) reduction products, two different media (MSM and BSM) were
tested. After 72-h incubation in the MSM medium, green precipitate
appeared in the bottom of serum vials and no soluble organo-Cr(III)
complexes were detected in the supernatant (Figs. 3c and S5). SEM
observation of the greyish-green precipitates showed that the cell sur-
face was rough and coated with precipitates (Fig. 3e). The presence of
chromium element on the cell surface was confirmed by EDS (Fig. 3g).

A pair of peaks at 577 and 587 eV in the XPS spectra of the greyish-
green precipitates revealed signals of Cr3+ 2p3/2 (577 eV) and Cr3+

2p1/2 (587 eV) (Fig. 3i). In contrast, when BSM medium was adopted,
15mg/L Cr(III) was formed in the supernatant and no obvious pre-
cipitates were observed (Figs. 3b and S5). The cell surface was rela-
tively smooth and only a few particles were observed on the cell surface
(Fig. 3d). Also, no obvious XPS peaks of Cr were detected (Fig. 3h).
Replacing the ATCC 7966 with S. oneidensis MR-1 resulted in similar
results (Figs. S5 and S6). Together, these results demonstrated that the
fate of the Cr(VI) reduction products by DMRB was influenced by the
medium components.

3.6. Mechanism of Cr(VI) bioreduction by A. hydrophila ATCC 7966

Based on the above results, we proposed the following anaerobic Cr
(VI) reduction mechanism by the strain ATCC 7966 (Fig. 6). The elec-
trons generated from oxidation of lactate or other electron donors in-
side the cells were transported along the Mtr respiratory pathway or
other extracellular respiratory pathways to the cell surface. When Cr
(VI) reached the outer membrane of the strain ATCC 7966, a fraction of
Cr(VI) received electrons from the extracellular respiratory pathway
and the reduction Cr(VI) to Cr(III) occurred. On the one hand, small
organic molecules such as organic acids and amino acids in medium or
secreted by cells could compete with the cell surface for Cr(III) co-
ordination, leading to the release of the reduced chromium into the

Fig. 5. EPR results of monomeric chromium standard (a), soluble organo-Cr(III) complexes (b, c), and the cell-free supernatant sample collected after 48-h incubation
(d).
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supernatant (Fig. 6a). On the other hand, Cr(III) was coordinated with
the functional groups on the cell surface and became precipitated on the
surface (Fig. 6b). Moreover, a little fraction of Cr(VI) penetrated the
inner cell membrane and was transformed to Cr(III) with the catalysis
by intracellular Cr(VI) reductase or metabolites. Finally, precipitates
were formed inside cells. The presence of extracellular redox mediators
(AQDS or humic acid) could significantly accelerate the reduction of Cr
(VI), and finally aggravate the release of soluble organo-Cr(III) com-
plexes to the environment.

4. Discussion

This work sheds light on the molecular mechanisms of Cr(VI)
bioreduction by the genus Aeromonas. A. hydrophila ATCC 7966 ex-
hibited excellent Cr(VI) resisting ability and could utilize diverse elec-
tron donors to anaerobically reduce Cr(VI) via both extracellular and
intracellular reduction pathways. Given their ubiquitous presence of
the genus Aeromonas in natural and engineered environments, it has a
great potential for bio-remediation of chromium-contaminated en-
vironments.

S. oneidensis MR-1 can efficiently reduce Cr(VI) under denitrifying
or aerobic conditions and even in the absence of an additional electron
acceptor (Belchik et al., 2011; Middleton et al., 2003; Myers et al.,
2000). Either lactate, formate or NADH can be used as electron donors
for Cr(VI) reduction (Lowe et al., 2003). Anaerobic Cr(VI) reduction by
MR-1 cells was considered mainly associated with the reductases in
cytoplasmic membrane and partially also contributed by other sub-
cellular fractions (Myers et al., 2000). An investigation into the inter-
actions between nitrite and chromate in S. oneidensis MR-1 indicated
that nitrate reductase might also be involved in the Cr(VI) reduction
(Viamajala et al., 2002). However, recent studies suggested that MtrC
and OmcA were the terminal reductases responsible for extracellular Cr
(VI) reduction by S. oneidensis MR-1 and OmcA was the predominant Cr
(VI) reductase (Belchik et al., 2011). A. hydrophila ATCC 7966, as a new
member of the DMRB, exhibited different Cr(VI) reduction behaviors
compared with S. oneidensis MR-1 (Table 1). Under anaerobic condi-
tions, A. hydrophila ATCC 7966 could use wider range of electron do-
nors (at least nine) for Cr(VI) reduction. Moreover, the membrane-

anchored cytochrome Cs and the cytoplasmic fractions that contained
Cr(VI) reductase or metabolites both contributed to the bio-reduction of
Cr(VI). Although the Mtr respiratory pathway of ATCC 7966 was also
involved in the extracellular Cr(VI) reduction, the lack of omcA
homologue in the genome rendered MtrC a predominant extracellular
Cr(VI) reductase, which differed from S. oneidensis MR-1. Riboflavin, an
electron shuttle naturally produced by S. oneidensis MR-1, could sig-
nificantly enhance its ability in Cr(VI) reduction (Xafenias et al., 2013).
However, riboflavin dosage resulted in no obvious enhancement in Cr
(VI) reduction by A. hydrophila ATCC 7966. Therefore, the specific
chromium reduction mechanisms differ between A. hydrophila ATCC
7966 and S. oneidensis MR-1, which warrants further investigations.

The Cr(VI) bioreduction to innocuous, immobile Cr(III) was an
important survival strategy of microorganisms (Chen and Hao, 1998).
Such microbial reduction processes could be utilized for bioremediation
of Cr(VI)-contaminated environments (Ahemad, 2014; Chen and Hao,
1998). However, not all microbial-produced Cr(III) existed in insoluble
forms, and some might be transformed to soluble organo-Cr(III) com-
plexes (Bencheikh-Latmani et al., 2007; Li et al., 2008). For example,
considerable level of soluble organo-Cr(III) had been transiently formed
during Cr(VI) reduction by Shewanella sp. MR-4. Complexation of Cr
(III) with organic components by the strain Shewanella sp. MR-4 could
lower its bio-toxicity and facilitate a higher Cr(VI) reduction activity
(Bencheikh-Latmani et al., 2007). In addition, the cell surface of
Ochrobactrum anthropi could accumulate more chromium in Tris-HCl
buffer solution than in LB medium (Li et al., 2008), because the small-
molecule organic compounds in LB medium could compete with the cell
debris for Cr(III) coordination. In this work, the main Cr(VI) reduction
products of ATCC 7966 shifted from soluble organo-Cr(III) complexes to
greyish-green precipitates when changing the culture medium from
BSM to MSM medium. Several factors might account for such a differ-
ence. Since the concentration of the soluble organo-Cr(III) complexes in
the BSM medium was at a similar level to that when yeast extract was
absent, the possible contribution of yeast extract in the BSM medium to
the formation of soluble organo-Cr(III) complexes could be excluded.
The interaction between Cr(III) and functional groups on the cell sur-
face (e.g., carboxyl, hydroxyl, phosphate and amino groups) were
generally favored at acidic pH (Cummings et al., 2007). By the end of

Fig. 6. Proposed anaerobic reduction mechanism for
Cr(VI) reduction by the strain ATCC 7966. Arrows
represent the pathway of electron flow. Red, green,
and blue filled circles represent organic ligands.
Blackish green filled circles represent precipitated Cr
(III) on the cell surface. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Comparison of Cr(VI) reduction by A. hydrophila ATCC 7966 and S. oneidensis MR-1.

A. hydrophila ATCC 7966 S. oneidensis MR-1

Aerobic/anaerobic reduction Aerobic and anaerobic Aerobic and anaerobic
Electron donors At least nine kinds Formate, NADH or lactate
Cr(VI) reduction mechanism Both extracellular and intracellular reductions Mainly extracellular reduction
Predominant extracellular Cr(VI) reductase MtrC OmcA
Cr(VI) reduction accelerated by flavins No Yes
Reduction products Organo-Cr(III) complexes and Cr(III) precipitates Organo-Cr(III) complexes and Cr(III) precipitates
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bacterial cultivation, the MSM medium exhibited a slightly lower pH
value than the BSM medium, likely due to buffering effect of the 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid component in the MSM
medium. Therefore, a more alkaline environment of the BSM medium
resulted in weakened interaction between the cell surface and Cr(III)
and favored a competitive coordination of Cr(III) by small organic
molecules such as organic acids and amino acids secreted by the strain
in the supernatant. In addition, the different species of organic meta-
bolites in the two mediums might also affect the fate of Cr(III).

Organo-Cr(III) complexes were more stable than aqueous Cr(III) or
Cr(OH)3 (Gong et al., 2018). Their presence in groundwater after
bioremediation was undesired as they were resistant to microbial de-
gradation. Moreover, abundant minerals and humic substances in en-
vironments might accelerate the release of highly mobile organo-Cr(III)
complexes by DMRB. From a practical bioremediation application point
of view, appropriate strategies, such as reducing organic matter con-
tents and controlling pH, should be taken to reduce the formation of
organo-Cr(III) complexes.

5. Conclusions

A. hydrophila ATCC 7966 was found to tolerate up to 25mg/L Cr(VI)
and could utilize a suite of electron donors for Cr(VI) bioreduction. Both
extracellular and intracellular pathways accounted for the anaerobic Cr
(VI) reduction by this strain. Humic acids as an extracellular redox
mediator substantially enhanced the Cr(VI) bioreduction. The medium
composition substantially affected the final distribution and fates of the
chromium reduction products. Considering the ubiquitous presence of
the genus Aeromonas strains in aquatic environments, the findings in
this work may favor a better understanding on the fates of chromium in
rivers, lakes and sediments, and provide valuable reference for bio-re-
mediation of chromate-contaminated environments.
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