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Abstract Microorganisms can reduce toxic chro-
mate to less toxic trivalent chromium [Cr(III)].
Besides Cr(OH); precipitates, some soluble organo-
Cr(IIT) complexes are readily formed upon microbial,
enzymatic, and chemical reduction of chromate.
However, the biotransformation of the organo-Cr(III)
complexes has not been characterized. We have
previously reported the formation of a nicotinamide
adenine dinucleotide (NAD™)-Cr(Ill) complex after
enzymatic reduction of chromate. Although the
NAD™-Cr(Ill) complex was stable under sterile
conditions, microbial cells were identified as precip-
itates in a non-sterile NAD*-Cr(Ill) solution after
extended incubation. The most dominant bacterium
PTX1 was isolated and assigned to Leifsonia genus
by phylogenetic analysis of 16S rRNA gene
sequence. PTX1 grew slowly on NAD" with a
doubling time of 17 h, and even more slowly on the
NAD™-Cr(Ill) complex with an estimated doubling
time of 35 days. The slow growth suggests that PTX1
passively grew on trace NAD™ dissociated from the
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NAD*-Cr(Ill) complex, facilitating further dissocia-
tion of the complex and formation of Cr(III)
precipitates. Thus, organo-Cr(IlII) complexes might
be an intrinsic link of the chromium biogeochemical
cycle; they can be produced during chromate reduc-
tion and then further mineralized by microorganisms.
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Introduction

Trivalent chromium [Cr(II)] is the predominant form
in the environment, while hexavalent chromium
[Cr(VID)] is mainly introduced as a by-product of
industrial use (Langard 1990). The biogeochemical
process primarily converts Cr(VI), such as chromate,
to less toxic Cr(III) (Bartlett 1991). Bacteria were
first characterized to reduce Cr(VI) in 1979 (Lebed-
eva and Lyalikova 1979). Numerous bacteria have
since been demonstrated to transform Cr(VI) to
Cr(IIT) under various conditions, e.g., (Suzuki et al.
1992; Shen and Wang 1993; Lovley and Philips
1994; Garbisu et al. 1998; Tebo and Obraztova 1998;
Park et al. 2000; Megharaj et al. 2003), highlighting
the role of bacteria in the biogeochemical cycle of
chromium and providing possible methods for in situ
bioremediation of Cr(VI) contamination.

Microbial reduction of Cr(VI) was assumed to result
in the formation of only insoluble Cr(IIl) precipitates
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(Barnhart 1997). However, recent evidence has eluci-
dated a more complex role for microorganisms in the
chromium biogeochemical cycle. First, Cr(VI) reduc-
tion by several bacterial species has resulted in the
production of soluble Cr(III) in the supernatant (Shen
and Wang 1993; Campos et al. 1995; McLean and
Beveridge 2001; Megharaj et al. 2003; Bencheikh-
Latmani et al. 2007). Second, enzymatic reductions of
Cr(VI) have formed organo-Cr(IIT) complexes, where
Cr(III) is bound to the oxidized form of the reductants,
such as NAD" (Puzon et al. 2002; Kwak et al. 2003)
and cytochrome c; (Assfalg et al. 2002). Third,
reduction of Cr(VI) in the presence of organics and
common intracellular components produces various
soluble organo-Cr(IIT) complexes (Buerge and Hug
1998; Puzon et al. 2005).

The increasing evidence on the formation of the
soluble organo-Cr(IIl) complexes during chromate
reduction leads to the necessity of addressing the
possible fate of the complexes in the environment.
Since the NAD*-Cr(Il) complex is the only product
of NADH-dependent enzymatic reduction of Cr(VI)
(Puzon et al. 2002; Kwak et al. 2003), it can be used
as a representative compound to address the bio-
transformation of organo-Cr(IIl) complexes. We
report here microbial transformation of the soluble
NAD*-Cr(IlI) complex to Cr(IIl) precipitates.

Materials and methods
Analytical techniques

Potassium chromate, K,CrO,4 (Sigma, St. Louis, MO),
was used as the Cr(VI) source in all experiments.
Cr(VI) was measured by a reported method (Schmi-
eman et al. 1998) using chromate as the standard and
ChromaVer powder pillows (HACH, Loveland, CO)
containing diphenylcarbazide. Total soluble Cr(III)
was estimated as the difference between total soluble
chromium and Cr(VI). Samples were prepared for
total soluble chromium by first centrifugation at
16,500 x g for 5 min at 23°C and then filtered through
a 0.22 um MILLIPORE MILLEX™GP syringe filter
(Millipore Corp., Bedford, MA). Samples were ana-
lyzed by using an HP 4500 Plus Series inductively
coupled plasma/mass spectrophotometer (ICP/MS)
(Agilent Technologies Inc., Palo Alto, CA). Cr(NO3);
(Aldrich, Milwaukee, WI) in distilled water was used
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to generate a standard curve for ICP/MS analysis.
NAD™ concentrations were measured at ODsgp nms
using a molar extinction coefficient of 18,000 M~
cm ' and also by HPLC analysis with a reverse phase
C-18 column, essentially using a previously reported
method (Stocchi et al. 1985).

Media and growth conditions

Mineral medium (MM) for PTX1 growth was com-
posed of the following components per liter of
distilled water: 3 g of Na,HPO,, 1 g of KH,POy,,
0.5 g of (NH4),SO,4, and 1.5 ml of trace mineral
solution (containing the following per liter, 10 g of
MgSOy, 2 g of CaCOg;, 4.5 g of FeSO4-H,0, 1.4 g of
ZnS0,4-7TH,0, 1.1 gof MnSO,4-4H,0, 0.2 g of CuSOy,-
5H,0, 0.2 g of CoSO4-7H,0, 0.06 g of H;BO;, and
10 ml of concentrated HCl). NAD" (Sigma) or the
NAD*-Cr(Ill) complex was added to 2 mM or as
specified as the sole carbon and energy source. The
NAD™-Cr(IlI) complex was the product of enzymatic
reduction of Cr(VI), prepared as previously described
(Puzon et al. 2002). Briefly, 40 mM chromate in
40 mM potassium phosphate buffer (pH 7) was
reduced by 10 pg of NADH:flavin oxidoreductase
with 80 mM NADH (Sigma) under anaerobic condi-
tions. Chromate was completely reduced to the
soluble NAD™-Cr(IIl) complex within 1 h. The sam-
ple was then dialyzed in dialysis tubing with
molecular weight cutoff of 3,500. When dialyzed
against 40 mM potassium phosphate buffer (pH 7.0),
the NAD™ to Cr(III) ratio was 2:1 (Puzon et al. 2002).
A ratio of 1:1 of the NAD"-Cr(Ill) complex was
produced by dialysis against distilled water overnight
to further remove loosely bound NAD*. The NAD*-
Cr(IIT) complex dialyzed against distilled water was
sterilized by filtration and use for bacterial growth.
The seed culture of PTX1 was pre-grown in either
Luria—Bertani (LB) or MM medium with NAD" as
the sole carbon and energy source. The cells were
transferred into fresh MM medium with NAD" or the
NAD™-Cr(IlI) complex and into controls without any
carbon and energy source. Cultures were normally
incubated aerobically at 30°C with 200 rpm shaking.
Bacterial growth was monitored by increased turbid-
ity at an optical density of 600 nm. The PTXI
cultures grown with the NAD"-Cr(IIl) complex were
centrifuged to remove soluble NAD*-Cr(IIl), which
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also absorbs at 600 nm, and re-suspended in 10 mM
potassium phosphate buffer (pH 7) before turbidity
measuring.

Electron microscopy

Preparation of samples for transmission electron
microscopy (TEM) was as follows: bacterial suspen-
sions were diluted 1:10 in distilled H,O, 3 pl was
then immediately placed on a 200 mesh nickel grid
with a formvar support coated with carbon and air
dried. Samples were examined without staining using
a JEOL 2010 transmission electron microscope
(JEOL Ltd., Tokyo, Japan) operated at 200 kV
coupled with an Oxford electron dispersive spectros-
copy system. Images were collected digitally and
analyzed using Gatan’s Digital micrograph software
and ISIS Links system (Oxford, England).

Phylogenetic analysis

Genomic DNA was purified using the Puregene™
DNA isolation kit (Gentra Systems, Minneapolis,
MN). The 16S rRNA gene was amplified by PCR
with the primers GB-13 and GB-14 (Table 1) and
purified using the Qiagen QIAquick PCR purification
Kit (Qiagen Inc, Valencia, CA). The purified prod-
ucts were sequenced in both directions with the
corresponding PCR primers (Table 1) to obtain the
entire PCR product sequence. The PTX1 sequence
was compared to sequences in the National Center for

Table 1 Primers for 16S rRNA gene amplification and
sequencing®

Primer name Primer sequence

GB-13 (Forward)
GB-14 (Reverse)

GAGAGTTTGATC(C or A)TGGCTCAG
ACGG(C or T)TACCTTGTTACGACTT

SC2F GAGCGTTGTCCGGAATTA
SC2R GTTCTTCGCGTTGCATCG

SC3F CGTGTCGTGAGATGTTGG
SC3R CGTTGCTGCATCAGGCTT

* GB-13 and GB-14 were used for amplifying the 16S rRNA
gene sequence and for the first round of DNA sequencing. F
and R refer to forward and reverse primers, respectively. The
numbers 2 and 3 refer to primers used in determining the
complete sequence of the PCR product

Biotechnological Information (NCBI) database
(http://www.ncbi.nlm.nih.gov) by using the BLAST
program (Altschul et al. 1997). The 10 closest
matching 16S rRNA gene sequences were aligned
using CLUSTAL W (Thompson et al. 1994) at the
European Bioinformatics Institute website (http://
www.ebi.ac.uk/clustalw). Phylogenetic trees were
constructed with the 16S rRNA gene sequences by
using the PHYLIP phylogeny inference program
package version 3.65c, and evolutionary distance
matrices were estimated using DNADIST (Felsen-
stein 1993). Phylogenetic trees were constructed
using the distance matrices generated as inputs for
the NEIGHBOR (neighbor-joining method) program
and viewed using TreeView 1.6.6 (Page 1996).
Bootstrap analysis of tree topologies was evaluated
using 1000 replicate alignments with the SEQBOOT
program. The bacteria and their 16S rRNA genes
accession number were as follows: Leifsonia shinsh-
uensis, DQ232614; L. xyli strain s29n, AY509236;
Naphthalene-utilizing bacterium IS1, AF531474;
L. naganoensis, DQ232612; L. xyli CV8e,
AJ717351; L. xyli subsp. cynodontis, M60935;
L. aquatica, DQ232618; L. xyli subsp. xyli str.
CTCBO07, NCO006087; Microbacteriaceae KVD-
1921-08, DQ490452; Microbacteriaceae KVD-unk-
64, DQ490453; and PTX1, DQ901014.

Results
Degradation of the NAD"-Cr(IlI) complex

A sterile solution of the NAD*-Cr(Ill) complex in
40 mM potassium phosphate buffer (pH 7.0) was
stable with no precipitation or any change in
concentrations of the complex. However, pale green
Cr(III) precipitates were clearly visible at the bottom
of the tube of a non-sterile solution of the NAD*-
Cr(IIl) complex in 40 mM potassium phosphate
buffer (pH 7.0) after 18 months incubation at room
temperature. Microscopic examination showed dense
bacterial cells in the precipitates, indicating bacterial
growth. The initial NAD*-Cr(Ill) complex was
prepared by dialysis against 40 mM potassium phos-
phate buffer, resulting in a 2:1 ratio of NAD" and
Cr(Ill); the initial NAD*-Cr(IIl) complex solution
consisted of 16.4 mM NAD" and 8.8 mM Cr(IIl).
After 18 months, NAD" and Cr(IIl) concentrations
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decreased to 6.22 and 5.73 mM, respectively, with
the remaining complex at approximately 1:1 ratio.
Microscopic observations identified two bacterial
morphologies present, rod and coccus, with the rods
being the dominant morphology. The solution was
diluted and plated on LB agar plates. Individual
bacterial colonies were formed after 3—4 days incu-
bation at 23°C, giving two different colony types,
designated PTX1 and PTX2. PTX1 colonies were
small, pale yellow, round with smooth edges, and
glossy. In comparison, PTX2 colonies were large,
orange, round with rough edges, and matte. PTX1
colonies were present in greater numbers, estimated
at a 5:1 ratio to PTX2. A single colony of each
morphology was selected from the highest dilutions,
pre-grown on LB, washed and inoculated (with a final
ODg0o nm about 0.014) into MM medium containing
the NAD*-Cr(IIl) complex as the carbon and energy
source. After incubation for 4 months no change in
NAD"* and soluble Cr(IlI) was detected with PTX2
cultures. PTX1 cultures showed removal of 668 uM
NAD* and 675 uM soluble Cr(IIl) (Fig. 1). Thus,
PTX1 was shown to consume NAD™ of the complex.

TEM/EDS analysis of PTX1 grown on NAD*-
Cr(III) complex

The decreased soluble Cr(II) should be present in
some insoluble forms, which was investigated by
using a TEM coupled with EDS. Images of unwashed
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Fig. 1 PTX1 consumption of the NAD*-Cr(Ill) complex.
Cultures were grown for 4 months at 23°C. Open column
represent NAD* and shaded columns represent soluble Cr(III)
of the complex solution. Results are averages of triplicate
experiments with standard deviations
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PTX1 cells grown on the NAD"-Cr(Ill) complex
revealed several areas of electron dense materials.
Phosphate granules, with trace amounts of Cr(III)
inside the cells (Fig. 2A) and Cr(IIl) precipitates
surrounding the cells (Fig. 2B) were identified. In
cultures grown for over a year, even greater amounts
of crystalline Cr(IIl) surrounding the cells were
visible (Fig. 3). The presence of Cr(Ill) precipitates
only in cultures containing PTX1 indicates that the
bacterium was capable of transforming the soluble
NAD*-Cr(Il) complex to insoluble  Cr(IlI)
precipitates.

Fig. 2 TEM photograph of PTX1 grown with NAD*-Cr(III)
complex for four months. (A) Arrows point to phosphate
granules inside the cells. (B) Arrows point to areas of Cr(III)
precipitates around the cells

Fig. 3 TEM photograph of PTX1 grown on NAD"-Cr(III) for
1 year. Arrows indicate cells surrounded by extensive Cr(III)
precipitates
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PTX1 growth on NAD" and the NAD*-Cr(III)
complex

PTX1 and PTX2 were analyzed for their ability to use
NAD™ as the sole carbon and energy source. PTX2
did not grow on NAD". When PTX1 cells from a
single colony were inoculated into 4 ml of MM
medium with 2 mM NAD" and incubated at 30°C, it
took the culture 1-2 weeks before growth was
evident. The NAD"-grown culture was transferred
at 1% inoculum into fresh MM medium containing
either 2 mM NAD" or 2 mM NAD"-Cr(Il), incu-
bated at 30°C and monitored daily. PTX1 grew
slowly on NAD* with a doubling time of 17 4 1 h,
calculated from growth between 70 and 95 h (Fig. 4
A). On the other hand, the bacterium showed minimal
growth on the NAD*-Cr(IIl) complex (Fig. 4A). The
initial small, apparent increase in turbidity (within the
first 5 days) is likely due to growth on trace amount
of free NAD" initially present in the NAD"-Cr(III)
preparation (Fig. 4A). Close examination of the
growth between 7 and 24 days revealed the increase

0.8 -

A

0.6 -

0.4 -

0.2 1

Turbidity at 600 nm

17 19 21 23 25
Days

0.04 f f f f

Fig. 4 Growth of PTX1 in MM medium with NAD* (#) or
NAD*-Cr(Ill) (M) as the carbon and energy source. (A) The
growth for the first 8 days; (B) for the growth on NAD*-Cr(III)
from day 7 to day 24. Data are averages of triplicate
experiments with standard deviations

in cell density (Fig. 4B), but the growth was very
slow. A linear regression was fitted into the data, and
an upward slope (0.001 turbidity per day) was
obtained, which was used to estimate a doubling
time of 35 days. Prolonged incubation showed further
increase in turbidity to higher than 0.1 and the
formation of visible precipitates, consisting of PTX1
cells and Cr(III) (Fig. 3). No growth was detected in
cultures without NAD*, or the NAD*-Cr(III) com-
plex. PTX1 consumed NAD® without apparent
accumulation of nicotinamide or adenine as a dead-
end product (Fig. 5).

PTX1 characterization

PTX1 grew aerobically in LB broth and did not grow
under anaerobic conditions. It showed similar growth
rate in LB broth between 30 and 37°C with a
doubling time of 2.1 £ 0.2 h. Microscopic analysis
identified PTX1 as a gram positive rod, typically less
than 1 pum in length. PTX1 was further characterized
based on 16S rRNA gene sequence analysis. PCR
amplified 1,388 base pairs of PTX1 16S rRNA gene,
which was sequenced. The sequence was compared
to others in the NCBI database. The 10 most similar
sequences were selected and aligned to create a
phylogenetic tree. Phylogenetic analysis identified
PTXI1 as a member of the Microbacteriaceae family,
most closely related to Leifsonia species with 98—
99% sequence identity. The constructed phylogenetic
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Fig. 5 Absorption spectrum analysis of NAD" consumption
by PTXI. The medium contained 2 mM NAD" with an
absorption peak at 260 nm (A), and culture supernatant of
PTXI1 after 8 days of growth (B). All samples were diluted 14-
fold to allow the absorbance readings within detection limits
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tree placed PTX1 on a distinct branch beside a
naphthalene-utilizing bacterium IS1, which is tenta-
tively assigned to L. xyli (Fig. 7).

Discussion

Bacterium PTX1 consumed NAD* and drove
Cr(III) precipitation from the soluble NAD™-
Cr(IIT) complex

Chromate reduction by NADH-dependent enzymes
produced the NAD'-Cr(Ill) complex as the only
identified product (Puzon et al. 2002; Kwak et al.
2003). Under sterile conditions, the complex is stable,
suggesting that the complex does not readily disso-
ciate. This is in agreement with the slow ligand
exchange of the Cr(Ill) complexes, which have
dissociation half lives in the order of weeks (Beattie
and Haight 1972). However, Leifsonia sp. strain
PTX1 transformed the soluble NAD*-Cr(III) complex
to Cr(IIl) precipitates. The extreme slow growth
(doubling time of 35 days) with the complex as the
substrate implies that PTX1 did not use the complex
directly, but rather used trace NAD" dissociated from
the complex. The data presented in Fig. 4 demon-
strate that PTX1 grew on NAD™ with a doubling time
of 17 h, which was slow, but much faster than its
growth on the complex. Since dissociation of the
NAD*-Cr(Ill) complex was not detected in the

Fig. 6 Phylogenetic tree of
PTX1 bacterium. Bootstrap
values determined from
1000 replicates are listed at
the branch points. The bar
infers 0.01 nucleotide
substitutions per site

934

1000 390

Leifsonia shinshuensis

920

511

absence of PTXI1, the overall precipitation process
appeared to be actively driven by bacterial consump-
tion of NAD".

The mechanism for NAD* utilization by PTX1 is
unknown, but may occur via an NAD* glycohydro-
lase (NADase). NADases, present in both prokaryotes
(Dassy and Alouf 1983) and eukaryotes (Han et al.
1995), hydrolyze NAD" into ADP-ribose and nico-
tinamide. Streptococcus pyogenes and Vibrio fischeri
both secrete NADases extracellularly to hydrolyze
exogenous NAD™ (Dassy and Alouf 1983; Stabb
et al. 2001). PTX1 likely uses a similar mechanism to
digest NAD" before the breakdown products are
transported into the cell for metabolism. Complexa-
tion of NAD" to Cr(Ill) may block the enzymatic
reaction, hindering the consumption of the com-
plexed NAD* by PTX1. PTX2 did not grow on
NAD™. It was identified as a Rhodococcus sp. on the
basis of its 16S rDNA sequence, but its role in the
original enrichment was uncharacterized.

PTX1 characterization

Gram staining and phylogenetic analysis of the 16S
rRNA gene confirmed PTX1 as a gram-positive rod
assigned to the genus of Leifsonia. PTX1 shows 98—
99% sequence identity to Leifsonia species. Phylo-
genetic alignment placed PTX1 on a distinct branch
separate from other known Leifsonia species (Fig. 6),

Microbacteriaceae KVD-1921-08

Leifsonia xyli strain s29n

PTX1

Naphthalene-utilizing bacterium 1S1

[~ Leifsonia xyli CV86

864
Microbacteriaceae KVD-unk-64

Leifsonia xyli subsp. cynodontis

0.01

981 Leifsonia xyli subsp. Xyli str. CTC B07

963 Leifsonia aquatica

999

Leifsonia naganoensis
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which are often soil bacteria. Some of them have
phytopathogenic traits (Davis et al. 1984), and others
can degrade pollutants (Dore et al. 2003).

Environmental implications

The role of microorganisms in the biogeochemical
cycle of chromium has long been focused on the
reduction of soluble Cr(VI) to insoluble Cr(III).
However, microbial, enzymatic, and chemical reduc-
tion of Cr(VI) has been shown to produce significant
amounts of soluble Cr(IIl), e.g., (Shen and Wang
1993; Campos et al. 1995; Buerge and Hug 1998;
McLean and Beveridge 2001; Assfalg et al. 2002;
Puzon et al. 2002, 2005; Bencheikh-Latmani et al.
2007). The soluble Cr(Ill) forms are likely organo-
Cr(IIT) complexes. Little is known about the fate of
the soluble organo-Cr(IIl) complexes. Since some
organo-Cr(IlI) complexes could be soluble and
mobile in groundwater (James and Bartlett 1983),
they may have frequent contact with manganese
oxide, making re-oxidization of Cr(IIl) to Cr(VI) by
manganese rich soils possible (Bartlett and James
1979; Murray et al. 2005). Another possible fate is
biodegradation with the formation of Cr(IIl) precip-
itates as reported here. PTX1 likely consumed trace
NAD* dissociated from the organo-Cr(IIl) complex,
thereby facilitating continuous dissociation of the
complex and formation of Cr(IIl) precipitation.
However, the process was slow limited by the

(1)

Cr(lly Cr(VI)

()

Organo-Cr(lll)

Fig. 7 Proposed new Cr(IIl) biogeochemical cycle. Cr(IIl) is
oxidized to Cr(VI) by chemical reactions (1); Cr(VI) is reduced
either chemical or biologically to Cr(IIl) precipitates (2) and
soluble organo-Cr(III) complexes (3); and microorganisms can
further transform the soluble organo-Cr(III) to Cr(III) precip-
itates (4). Some chelating agents can also bind Cr(III) to form
organo-Cr(III) (4)

intrinsic stability of the organo-Cr(III) complexes.
The slow process predicts the relative recalcitrance of
organo-Cr(IIT) complexes, correlating well with the
observation of soluble organo-Cr(IIl) complexes in
the environment (Mattuck and Nikolaidis 1996;
Farmer et al. 2002; Icopini and Long 2002). Biodeg-
radation of dissociated organics may represent a
general microbial activity towards organo-Cr(III)
complexes. However, other microorganisms may also
produce specific enzymes and reactive small mole-
cules to directly attack the complexes or enhance the
dissociation. Thus, a modified biogeochemical cycle
of chromium is proposed here to include the forma-
tion and degradation of organo-Cr(Ill) complexes
(Fig. 7).
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