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Cobamides are a family of enzyme cofactors that include vitamin B12 (cobalamin) and are
produced solely by prokaryotes. Structural variability in the lower axial ligand has been
observed in cobamides produced by diverse organisms. Of the three classes of lower
ligands, the benzimidazoles are uniquely found in cobamides, whereas the purine and
phenolic bases have additional biological functions. Many organisms acquire cobamides
by salvaging and remodeling cobamides or their precursors from the environment. These
processes require free benzimidazoles for incorporation as lower ligands, though the
presence of benzimidazoles in the environment has not been previously investigated. Here,
we report a new puriﬁcation method and bioassay to measure the total free benzimidazole
content of samples from microbial communities and laboratory media components. The
bioassay relies on the “calcoﬂuor-bright” phenotype of a bluB mutant of the model
cobalamin-producing bacterium Sinorhizobium meliloti. The concentrations of individual
benzimidazoles in these samples were measured by liquid chromatography-tandem mass
spectrometry. Several benzimidazoles were detected in subpicomolar to subnanomolar
concentrations in host-associated and environmental samples. In addition, benzimidazoles
were found to be common contaminants of laboratory media components. These results
suggest that benzimidazoles present in the environment and in laboratory media have the
potential to inﬂuence microbial metabolic activities.
Keywords: 5,6-dimethylbenzimidazole, benzimidazole, S. meliloti, bioassay, environment, cobamide, vitamin B12

INTRODUCTION
Cobamides are cofactors that function in a variety of metabolic
processes in animals, protists, and prokaryotes. Cobamides belong
to a broader class of molecules called corrinoids that share a common cobalt-containing corrin ring. Cobamides are corrinoids that
contain a lower axial ligand covalently bound to the corrin ring via
the nucleotide loop (Roth et al., 1996; Escalante-Semerena, 2007).
The essential nutrient cobalamin (Figure 1A, known as vitamin
B12 when taken in its cyanated form as a supplement) is the best
studied cobamide and is well known for its importance in human
health. Cobalamin and other cobamides also function as cofactors for several ecologically important processes in prokaryotes.
For example, cobamides are used as cofactors for methanogenesis, acetogenesis, carbon ﬁxation, the formation of toxic methyl
mercury, and the detoxiﬁcation of chlorinated solvents such as
trichloroethene (TCE; Choi et al., 1994; Banerjee and Ragsdale,
2003; He et al., 2007; Ragsdale and Pierce, 2008). Cobamides are
found in host-associated and environmental microbial communities including the human intestine, bovine rumen, wood-feeding
insects, and TCE-dechlorinating communities (Kräutler et al.,
2003; Allen and Stabler, 2008; Girard et al., 2009; Yi et al., 2012).
The upper (β) ligand of cobamides is the catalytic site (labeled
R in Figure 1A). Adenosylcobamides (R = 5 -deoxyadenosine)
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catalyze rearrangement reactions via a radical intermediate, while
methylcobamides (R = CH3 ) catalyze methyltransfer reactions
(Banerjee and Ragsdale, 2003). The cobamide lower (α) ligand is
the main site of structural diversity, though the biological role for
this diversity is unclear. Lower ligands of cobamides include benzimidazoles such as 5,6-dimethylbenzimidazole (DMB), the lower
ligand of cobalamin (Figure 1); purines; and phenolics (Renz,
1999). Of these classes, the purines and phenolics have other biological functions, while the benzimidazoles are thought to function
exclusively as cobamide lower ligands.
There is growing evidence that cobamides and their biosynthetic precursors are shared among microbes in complex communities (Seth and Taga, 2014). Bioinformatic analyses indicate that the majority of bacteria that are capable of using
cobamides do not synthesize them de novo, but instead import
cobamides produced by other organisms (Zhang et al., 2009; Degnan et al., 2014). Cobamide biosynthetic intermediates such as
cobinamide (Cbi) and α-ribazole are also taken up and used by
organisms that lack the enzymes for their biosynthesis (Gray
and Escalante-Semerena, 2010; Yi et al., 2012). Additionally,
many prokaryotes including Escherichia coli lack the complete
cobamide biosynthetic pathway but can attach a lower ligand
to a cobamide precursor (corrinoid salvaging), and some, such
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FIGURE 1 | Structure of cobalamin and benzimidazole lower
ligands. (A) Structure of cobalamin. The lower ligand, 5,6
-dimethylbenzimidazole (DMB) is boxed. (B) Structures of lower

as Dehalococcoides mccartyi, can remove and replace the lower
ligand to form a different cobamide (cobamide remodeling;
Woodson and Escalante-Semerena, 2004; Escalante-Semerena,
2007; Gray and Escalante-Semerena, 2009; Yi et al., 2012). Some
prokaryotes capable of synthesizing cobamides de novo can also
attach an exogenously provided lower ligand to form a different
cobamide, a process known as guided biosynthesis (Perlman, 1959,
1971). Corrinoid salvaging, cobamide remodeling, and guided
biosynthesis activities require the presence of a free lower ligand base such as DMB in the environment (Escalante-Semerena,
2007). Indeed, the availability of DMB may be crucial for the
production of biologically active cobamides by environmental
bacteria such as D. mccartyi (Men et al., 2014b). Interestingly,
although the availability of free lower ligands in microbial
communities has not been investigated previously, DMB has
been reported to be a contaminant of common laboratory agar
(Anderson et al., 2008).
Here, we have developed a new method for the puriﬁcation, detection, and quantiﬁcation of free benzimidazoles that
are commonly found as cobamide lower ligands. We report the
development of a bioassay for the quantiﬁcation of benzimidazoles based on the “calcoﬂuor-bright” (CFB) phenotype of
Sinorhizobium meliloti mutants that lack a functional bluB gene,
which encodes the enzyme responsible for the oxygen-dependent
biosynthesis of DMB (Campbell et al., 2006; Taga et al., 2007).
The CFB phenotype is indicative of an increased abundance or
structural alteration in the exopolysaccharide (EPS) succinoglycan, and this phenotype has been observed previously in strains
containing mutations in genes involved in amino acid starvation
and the regulation, biosynthesis, and processing of succinoglycan
(Finan et al., 1985; Doherty et al., 1988; Wells and Long, 2002;
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ligands used in this study. 5-methylbenzimidazole (5-MeBza),
5-methoxybenzimidazole (5-OMeBza), 5-hydroxybenzimidazole (5-OHBza),
and benzimidazole (Bza).

Campbell et al., 2006; Gibson et al., 2006; Taga et al., 2007; Pinedo
et al., 2008; Morris and González, 2009). In this work we have
found that the CFB phenotype of the bluB mutant results from
a deﬁciency in the activity of the cobalamin-dependent ribonucleotide reductase (RNR) enzyme and is due to a previously
unrecognized link between the CFB phenotype and DNA stress. By
developing and applying a bioassay based on the CFB phenotype,
we show that benzimidazoles are present in subpicomolar to subnanomolar concentrations in a variety of environmental samples,
as well as in common components of laboratory media.

MATERIALS AND METHODS
BACTERIAL STRAINS AND CULTURE CONDITIONS

All S. meliloti strains are derivatives of the wild type (WT) strain
Rm1021 (Meade et al., 1982). The bluB::gus GmR strain was used
for the CF bioassay (Campbell et al., 2006). S. meliloti cultures were
grown with aeration at 30◦ C in LB medium supplemented with
2.5 mM CaCl2 and 2.5 mM MgSO4 (LBMC), or in M9 minimal
medium with 0.2% sucrose, 10 μg/L biotin, 1 mg/mL methionine, and 10 μM CoCl2 (Maniatis et al., 1982). For growth on solid
media, technical grade agar (Difco) was added at a ﬁnal concentration of 15 mg/mL. When necessary, antibiotics were added at the
following concentrations (μg/mL): gentamicin, 25; tetracycline,
10; streptomycin, 500; and spectinomycin, 100.
S. meliloti CALCOFLUOR PHENOTYPE ON AGAR PLATES

To assay the CF phenotype on solid media, 100 μL of a liquid culture was spread on LBMC agar containing 0.02% CF and
10 mM HEPES buffer at pH 7.4. Sterile ﬁlter disks were placed
on the agar surface, and the compound being tested was applied
to each disk as indicated. The plates were incubated for 2–3 d
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at 30◦ C and then photographed under ultraviolet (UV) light.
10 μL of each tested compound was added, except when indicated, at the following concentrations: nalidixic acid, 50 mM;
mitomycin C, 2 mg/mL (30 μL); cisplatin, 0.8 mg/mL (20 μL);
methyl methanesulfonate (MMS), 1%; 4-Nitroquinoline-1-Oxide
(4NQO), 2 mg/mL (30 μL); gentamicin, 50 mg/mL; neomycin,
200 mg/mL; chloramphenicol, 20 mg/mL; tetracycline, 0.1 mg/mL;
methanol, 95% (20 μL); N-butanol, 99%; cobalt chloride, 1 M;
iron(III) chloride, 1 M; Ethylenediaminetetraacetic acid (EDTA),
0.5 M; ethylene glycol tetraacetic acid (EGTA), 0.5 M; sodium
hydroxide (NaOH), 5 N; formic acid, 80%, Tween, 99%, Triton X-100, 99%, dimethyl sulfoxide (DMSO), 99%, hydroxyurea,
100 mM; hydrogen peroxide, 10%; menadione, 9 mg/mL; cumene
hydroperoxide, 8%; and sodium dodecyl sulfate (SDS), 10%.
S. meliloti CALCOFLUOR BIOASSAY TO DETECT BENZIMIDAZOLES

Three independent cultures of S. meliloti bluB::gus GmR were
grown in LBMC liquid medium for 40–48 h. The cultures were
diluted in M9 to an O.D.600 of 0.04 in 96-well microtiter plates
and mixed with known concentrations of DMB standards or dilutions of a sample to be tested, in a total volume of 200 μL per
well. All solutions were sterilized by passing through a 0.22 μm
or 10,000 molecular weight cut-off ﬁlter (MWCO, Pall, Port
Washington, New York, USA) prior to use. The edges of the
plates were sealed with paraﬁlm and the plates were placed
on a moist paper towel in a sealed plastic bag to limit evaporation. The plates were incubated in a shaking incubator at
30 ◦ C for 55–70 h. CF was added to a ﬁnal concentration of
80 μg/mL, bringing the total volume to 300 μL per well, and
the plate was incubated at room temperature in the dark for
an additional 5 h. Fluorescence was measured using a BioTek
Synergy 2 plate reader with excitation at 360 nm and emission measured at 460 nm. Sigmoidal curves were solved using
the KaleidaGraph program with the equation y = m1 + (m2–
m1)/(1 + (x/m3)ˆm4), where y, m1, m2, m3, m4, and x
correspond to the observed ﬂuorescence at a given dilution factor, the minimum ﬂuorescence value, the maximum ﬂuorescence
value, the EC50 , the slope at EC50 , and the dilution factor of
the sample, respectively. The EC50 error was calculated by the
program.
SAMPLE PREPARATION

5-hydroxybenzimidazole (5-OHBza) was synthesized and puriﬁed from 5-methoxybenzimidazole (5-OMeBza) as previously
described (Renz et al., 1993; Crofts et al., 2013). DMB (Sigma–
Aldrich), 5-methylbenzimidazole (5-MeBza, Acros Organics),
5-OMeBza (Sigma–Aldrich), and benzimidazole (Bza, Sigma–
Aldrich) were purchased in powder form and stored at −20◦ C
as DMSO stock solutions.
To obtain cell-free supernatants, cultures of WT S. meliloti
Rm1021 and bluB mutant strains containing the plasmids pMS03bluB (Yu et al., 2012) or pJL1031 (bluB cloned under its native
promoter in pFAJ1700; Campbell et al., 2006) were grown in M9
liquid medium for 48 h. Samples were diluted in M9 to an O.D.600
of 0.75 and supernatants were collected by centrifugation at 9,000 g
for 5 min. Sample were passed through a 10,000 MWCO ﬁlter to
remove cells.
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Seven and half gram of technical grade agar (Difco), plant cell
culture tested agar (Sigma), noble agar (US Biological), agarose
(Fisher), and yeast extract (Becton Dickinson) were suspended in
300 mL of phosphate buffered saline (PBS) adjusted to pH 8.0.
Rumen ﬂuid from two ﬁstulated cows fed on a high forage diet
(Cows 1921 and 1927, a gift from Ed DePeters, UC Davis Department of Animal Science) was collected in September, 2009, and
stored at −20◦ C. Thirty-ﬁve milliliter aliquots of rumen ﬂuid were
clariﬁed by centrifugation and diluted to 75 mL in PBS adjusted
to pH 8.0.
Ten gram of termite fecal pellets obtained from a laboratory
colony of Zootermopsis sp. was suspended in 75 mL of PBS
and the pH was adjusted to 8.0. Topsoil from the UC Berkeley campus Eucalyptus Grove and soil adjacent to Strawberry
Creek on the UC Berkeley campus (GPS coordinates 37.870958,
−122.264433) were collected in September, 2013. Ten gram of
each sample was suspended in 75 mL of PBS and the pH was
adjusted to 8.0. These samples were clariﬁed by passing through
a syringe containing a cotton plug. Water from Strawberry Creek
was collected from an adjacent location. A 6.5 by 45 cm Winogradsky column (a gift from Sydney Kustu) was established over
20 years ago with San Francisco bay mud and maintained in
the lab with natural sunlight and periodically reﬁlled with settled deionized water. Aqueous samples (1 L of creek water or
75 mL of the upper portion of the Winogradsky column) were
mixed with NaCl, KCl, Na2 HPO4 , and K2 HPO4 to adjust the salt
and buffer content to that of PBS, and the pH was subsequently
adjusted to 8.0.
PURIFICATION OF BENZIMIDAZOLES

Samples were mixed with an equal volume of ethyl acetate
(ACS certiﬁed grade) and shaken vigorously in a separatory funnel. The organic layer was removed, and the extraction of the
aqueous layer was repeated with an additional volume of ethyl
acetate. The organic phase from the two extractions were pooled,
and solvent was removed by rotary evaporation at 50◦ C. Samples were resuspended in PBS and applied to a 360 mg C18
Sep-Pak (Waters, Milford, Massachusetts) previously activated
with 3 mL of methanol and equilibrated with 6 mL deionized
water. The cartridge was washed with 6 mL of 30% methanol
and eluted with 2 mL of 70% methanol. The eluate was collected and dried under reduced pressure at 45◦ C. The ﬁnal
product was resuspended in deionized water, ﬁltered through
a 10,000 MWCO spin ﬁlter, and stored at −20◦ C prior to
analysis.
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) AND
LC/MS/MS ANALYSIS

To determine the efﬁciency of the extraction method, 250 nmol
of DMB, 5-MeBza, 5-OMeBza, 5-OHBza, benzimidazole (Bza),
and cobalamin were extracted as described above. Samples were
analyzed with an Agilent 1200 series high performance liquid chromatography (HPLC) system equipped with a diode
array detector. Samples were analyzed on an Agilent SB-Aq
4.5 × 150 mm column (5 μm pore size) at 1.5 mL/min
at 40◦ C with a gradient of 2–100% buffer B over 10 min,
where buffer A was 10 mM ammonium acetate pH 6.5 and
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buffer B was 100% methanol. Quantiﬁcation was achieved by
comparing peak areas at 280 nm with standards of known
concentration. Liquid chromatography-tandem mass spectrometry (LC/MS/MS) was carried out on an Agilent 6410 liquid
chromatograph-triple quadrupole mass spectrometer with multiple reaction monitoring, using a recently reported quantitative
method (Men et al., 2014b). Brieﬂy, samples were analyzed on
a 3.0 × 50 mm Agilent C18 Eclipse Plus column (1.8 μm pore
size) at 0.5 mL/min at 40◦ C with a gradient of 18–21% buffer
B over 3 min and 21% buffer B for 2 min, where buffer A
was 0.1% formic acid in water and buffer B was 0.1% formic
acid in methanol. The following precursor and product ions
were monitored: m/z119.1 and 65 for Bza, m/z 133.1 and 77
for 5-MeBza, m/z 147.1 and 131 for DMB, m/z 149.2 and
79 for 5-OMeBza, and m/z 135.1 and 53 for 5-OHBza. To
convert the concentrations of each benzimidazole into “DMB
equivalents detected by LC/MS/MS,” the amount of each compound detected by LC/MS/MS was adjusted based on the yield
of the extraction method and the EC50 value calculated by
the bluB bioassay, and normalized to the values obtained for
DMB.

RESULTS
THE CALCOFLUOR BRIGHT PHENOTYPE IS A RESPONSE TO DNA
STRESS IN S. meliloti

We previously found that the CFB phenotype of the S. meliloti
bluB mutant can be rescued by the addition of DMB, which is
used to produce cobalamin (Campbell et al., 2006; Taga et al.,
2007). Bioassays, such as the bacterial assay that enabled the
ﬁrst puriﬁcation of cobalamin (Rickes et al., 1948), can provide inexpensive, high-throughout, and highly sensitive means
to detect molecules of interest (Kelleher and Broin, 1991). To
investigate the possibility that this phenotype could be used
to detect DMB, we ﬁrst used a ﬁlter disk assay to examine
the effect of DMB concentration on the CFB phenotype of a
bluB mutant. This showed that the size and intensity of the

FIGURE 2 | The calcofluor (CF) phenotype of the Sinorhizobium meliloti
bluB mutant is influenced by DMB availability and DNA stress. (A) CF
ﬂuorescence of S. meliloti bluB on an LB CF plate. Filter disks containing
DMB at the indicated concentrations were applied to the plate. (B) CF
ﬂuorescence phenotypes of S. meliloti strains (1) bluB mutant expressing
Escherichia coli nrdAB on plasmid pMS03 ( Taga and Walker, 2010), (2) Wild
type (WT) S. meliloti with empty vector pMS03, (3) bluB mutant with empty
vector pMS03, and (4) bluB mutant expressing E. coli metE on plasmid
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CF-dim zone surrounding the DMB-soaked disks were positively correlated with the DMB concentration, suggesting that
the CF phenotype could be used for quantiﬁcation of DMB
(Figure 2A).
To determine what other factors could inﬂuence the CF phenotype; we next characterized the physiological basis of the CFB
phenotype of the bluB mutant. Our observation that cobalamin
deﬁciency in S. meliloti results in a CFB phenotype suggests that
one or more enzymes that use cobalamin as a cofactor can inﬂuence the amount or structure of succinoglycan. Two of the three
known cobalamin-dependent enzymes in S. meliloti, methionine
synthase and methylmalonyl-CoA mutase, were previously shown
not to signiﬁcantly affect the CF phenotype of S. meliloti and thus
cannot explain the CFB phenotype of the bluB mutant (Campbell
et al., 2006). Therefore, we hypothesized that the CFB phenotype
could be a result of reduced activity of the Class II RNR encoded
by nrdJ, a cobalamin-dependent enzyme that catalyzes the synthesis of deoxyribonucleotides (dNTPs; Cowles and Evans, 1968;
Lawrence and Stubbe, 1998). To test this possibility, we expressed
the E. coli cobalamin-independent (Class I) RNR encoded by nrdA
and nrdB (Carlson et al., 1984) on a plasmid in a bluB mutant
background and found that the strain has a dim phenotype on
CF plates (Figure 2B). To further examine the link between the
CFB phenotype and RNR activity, we used the SmNrdAB+ strain
(nrdJ with the plasmid expressing E. coli nrdAB; Taga and Walker,
2010). The effect of hydroxyurea, a speciﬁc inhibitor of Class
I RNRs (Elford, 1968), was tested by growing SmNrdAB+ on
an agar plate with a hydroxyurea-soaked ﬁlter disk. A zone of
inhibition was formed surrounding the disk, indicating loss of
viability due to inadequate RNR activity (Figure 2C). In addition, a CFB phenotype is evident in the colonies surrounding the
zone of inhibition (Figure 2D). Together, these results indicate
that the CFB phenotype can be induced by a reduction in RNR
activity, either by direct inactivation by hydroxyurea treatment of
the SmNrdAB+ strain, or by cobalamin depletion such as in the
bluB mutant.

pMS03 ( Taga and Walker, 2010). (C) Strain SmNrdAB+ on an LB CF plate
with a ﬁlter disk containing hydroxyurea, photographed under white light.
(D) Same as (C) but photographed under UV light. (E) Fluorescence of WT S.
meliloti on an LB CF plate with a ﬁlter disk containing nalidixic acid. Filter
disks were applied to the plates at the time of inoculation. (F) Schematic
description of the physiological link between the bluB mutation and the CF
ﬂuorescence phenotype. The dashed line indicates that the mechanism is
unknown.
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Because inactivation of RNR results in a depletion of dNTP
pools and replication fork arrest in E. coli (Guarino et al.,
2007), we hypothesized that the CFB phenotype in the bluB
mutant is a response to DNA stress. To test this possibility, we exposed WT S. meliloti to nalidixic acid, a DNA
gyrase inhibitor that induces DNA damage (Pommier et al.,
2010), and found that it induced a CFB phenotype adjacent
to the zone of inhibition in the ﬁlter disk assay (Figure 2E).
Treatment with four other DNA damaging agents resulted in
a similar phenotype, suggesting that the CFB phenotype is
induced in response to DNA damage (Table 1). To determine the range of compounds that induce the CFB phenotype, WT S. meliloti and the SmNrdAB+ strain were analyzed
using the ﬁlter disk assay with a variety of toxic agents. Of
the 21 other compounds that induced a zone of inhibition,
only three antibiotics, and SDS induced the CFB phenotype
in WT S. meliloti (Table 1). Three other compounds, all of
which cause intracellular oxidative damage, induced the CFB
phenotype only in SmNrdAB+ , consistent with the previously
observed sensitivity of this strain to reactive oxygen species
(Taga and Walker, 2010). These results explain the physiological link between bluB and the CFB phenotype, as summarized in
Figure 2F.
CALCOFLUOR FLUORESCENCE PHENOTYPE OF S. meliloti bluB IN
LIQUID MEDIA

The apparent dose-dependent relationship between the concentration of DMB and the CF phenotype on plates (Figure 2A)
suggests that the CF phenotype of the bluB mutant could
be used for the quantitative detection of DMB. To investigate whether the CFB response can be adapted for liquid
media in a 96-well plate format, WT S. meliloti and a bluB
mutant were cultured for 45 h in a 96-well plate, mixed with
CF, and the ﬂuorescence was measured in a multiwell plate
reader. As on solid media, the bluB mutant showed signiﬁcantly higher ﬂuorescence than WT S. meliloti, with a 27-fold
difference in ﬂuorescence between the two strains (Figure 3A).

Culturing the bluB mutant in the presence of DMB or cobalamin resulted in a low level of ﬂuorescence comparable to
that of WT S. meliloti, consistent with the phenotype on agar
plates (Figure 3A; Campbell et al., 2006). A greater separation of the dim and bright phenotypes was observed as the
bacteria were cultured for longer periods prior to the addition of CF (Figure 3B). Further optimization showed that the
greatest difference in ﬂuorescence was achieved when the cultures were incubated with CF for 5 h (Figure 3C). Based
on these observations, the remaining CF ﬂuorescence measurements were performed by incubating cultures with CF
for 5 h following at least 55 h of growth in the 96-well
plates.
To determine whether the CFB phenotype showed a reproducible, dose-dependent relationship with DMB concentration,
cultures of the S. meliloti bluB mutant were grown with DMB
at concentrations ranging from 0.24 to 250 nM and incubated with CF. The results in Figure 3D show a relationship between ﬂuorescence, and to a lesser extent the ﬁnal
O.D.600 of the cultures, with the concentration of DMB added.
The linear range of the curve was between 4 and 40 nM,
and the concentration of DMB that resulted in half maximal ﬂuorescence (EC50 ) was calculated to be 13 nM. The
average and SD of the EC50 values were 7.37 and 5.59 nM,
respectively, in 26 independent experiments. Replicates performed in a single experiment gave results with lower variation
(Figures 3D and 4A), demonstrating that this method can be
used to detect DMB in unknown samples and quantify DMB
concentrations if DMB standards are measured in the same
experiment.
THE CFB PHENOTYPE OF THE S. meliloti bluB MUTANT IS RESCUED IN
A DOSE-DEPENDENT MANNER BY OTHER COBAMIDE-ASSOCIATED
BENZIMIDAZOLES

We recently reported that an S. meliloti bluB mutant can incorporate a variety of benzimidazoles, including all of those in this
study, into cobamides by guided biosynthesis, and that nearly all

Table 1 | Compounds tested for induction of CF bright phenotype in Sinorhizobium meliloti.
Agents that induce a CFB

Agents that do not induce

Agents that induce a CFB

ring in Rm1021, SmNrdJ+ ,

a CFB ring

ring only in SmNrdAB+

and

SmNrdAB+

DNA damaging agents

Nalidixic acid, mitomycin C,

Antibiotics

Gentamycin, tetracycline

cisplatin, MMS, 4NQO
Chloramphenicol,
spectinomycin, kanamycin
Organic compounds

Methanol, butanol

Metals and chelators

Cobalt, iron, EDTA, EGTA

Acid/base

NaOH, formic acid

Agents that cause membrane stress
ROS and ROS-generating compounds

SDS

Tween, triton, DMSO
Hydroxyurea, hydrogen
peroxide, menadione,
cumene hydroperoxide
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FIGURE 3 | Optimization of the S. meliloti bluB CF bioassay to quantify
benzimidazoles. (A) CF ﬂuorescence of liquid cultures of WT S. meliloti, an
S. meliloti bluB mutant (bluB), or S. meliloti bluB grown in the absence (−) or
presence of 0.5 μM DMB or 1 μM cobalamin. Error bars represent the SE of
three independent experiments. (B) Development of the CFB phenotype as a
function of growth. S. meliloti bluB was grown in the presence and absence
of 0.5 μM DMB. At the indicated time points, aliquots were removed and
incubated with CF for 5 h. The difference in the CF ﬂuorescence of cultures
with and without DMB is plotted. (C) Development of the CFB phenotype as

of these cobamides can support growth (Crofts et al., 2013; Hazra
et al., 2013). In contrast, cobamides containing purines or phenolics do not support S. meliloti growth (Crofts et al., 2013). We
therefore reasoned that the bluB bioassay could also be used to
detect benzimidazoles other than DMB, and would not be subject
to interference by cellular metabolites such as adenine. To test this
possibility, the bluB bioassay was used to examine the CF response
to the four other benzimidazoles shown in Figure 1B. All of these
compounds were also able to rescue the ﬂuorescence phenotype of
the bluB mutant in a dose-dependent manner, though their EC50
values were 5- to 45-fold higher than for DMB (Figure 4). The
addition of cobalamin similarly rescued the CFB phenotype, with
an EC50 value 14-fold higher than for DMB (Figure 4F). These
results demonstrate that this CF-based method can be used as a
bioassay for detecting cobalamin and several benzimidazoles.
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a function of incubation time with CF. After growth of S. meliloti bluB with
(circles) and without (squares) DMB for 48 h, CF was added and ﬂuorescence
was measured at the indicated time points. Triangles represent the difference
in ﬂuorescence between the two cultures. (D) CF ﬂuorescence (left axis,
circles) and optical density (O.D.600 ; right axis, triangles) is shown for the S.
meliloti bluB mutant incubated in a 96-well plate with the indicated
concentrations of DMB for 48 h followed by addition of CF for 5 h. Error bars
represent the SE of six independent experiments. Fluorescence is presented
in arbitrary units (FU).

DETECTION OF BENZIMIDAZOLES IN ENVIRONMENTAL SAMPLES

The bluB bioassay was used to measure the concentrations
of benzimidazoles present in environmental samples. Because
environmental samples may contain compounds such as DNA
damaging agents or cobamides that could interfere with the CFB
response to benzimidazoles, and because the concentrations of
benzimidazoles could be below our detection limit, we ﬁrst developed a method to purify benzimidazoles from complex mixtures
and concentrate them by up to 3000-fold. This method consists
of a liquid–liquid extraction with ethyl acetate followed by C18
solid phase extraction (see Materials and Methods for details).
The recovery of each benzimidazole varied following this puriﬁcation method, with the highest yield observed for DMB and the
lowest for 5-OHBza; Figure 5). Importantly, cobalamin could not
be detected after this procedure, indicating that the bioassay results
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FIGURE 4 | Calcofluor response of S. meliloti bluB to other
benzimidazoles and cobalamin. The CF ﬂuorescence of cultures grown
with the indicated concentrations of (A) DMB, (B) 5-OHBza, (C) 5-MeBza, (D)

would not be inﬂuenced by cobalamin (or other corrinoids) that
may have been present prior to puriﬁcation (Figure 5).
To test whether the CF bioassay can quantify benzimidazoles
present in complex mixtures, we performed the puriﬁcation and
bioassay with serial dilutions of spent media from cultures of WT
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Bza, (E) 5-OMeBza, and (F) cobalamin was assayed as shown in Figure 3D.
The EC50 of each compound and curve-ﬁt error are indicated on each graph.
Error bars represent the SE of three independent experiments.

S. meliloti, the bluB mutant, and two bluB mutant strains containing plasmids expressing bluB at different levels (Campbell et al.,
2006; Yu et al., 2012). Strains containing the plasmid pMS03-bluB
produce DMB at a high level such that when grown on solid media
adjacent to a bluB mutant, they can induce a CF-dim phenotype in
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FIGURE 5 | Efficiency of extraction of benzimidazoles and cobalamin.
The percent recovery following extraction and puriﬁcation of the indicated
compounds is shown. Bars represent the average of three replicates, and
error bars represent the SE. ND, not detected, limit of detection was
5 pmol.

neighboring colonies (Yu et al., 2012). The plasmid pJL1031 does
not have this ability, suggesting that strains containing this plasmid
produce DMB at lower levels (Campbell et al., 2006). Consistent
with these phenotypes, no DMB was detected in any of the samples except the strain containing pMS03-bluB. The concentration
of DMB in this sample was found to be 400 nM based on dilutions whose CF ﬂuorescence fell within the linear range of the
DMB standard curve (Table 2). These results indicate that the CF
bioassay can be used to measure DMB in biological samples.
It was previously reported that DMB is a contaminant of
standard laboratory agar and that noble agar has less DMB contamination (Anderson et al., 2008). To measure the concentration
of DMB in laboratory agars, we carried out the benzimidazole
puriﬁcation and CF bioassay on three grades of agar as well as
agarose. Because the bioassay can detect multiple benzimidazoles, and because the puriﬁcation yield and CF response to each
benzimidazole varies, the results of the bioassay are reported as
“DMB equivalents” which is calculated based on the extraction
efﬁciency and the ﬂuorescence response for DMB (see Materials and Methods). The bioassay detected benzimidazoles at levels
equivalent to 1-3 pmol of DMB per gram of agar, and the levels did not correlate with the grade of agar (Table 2). We also
measured the benzimidazoles present in commercial yeast extract
by the same method. Surprisingly, the bioassay showed DMB
equivalents 10 times higher than in the agar samples, despite the
fact that yeasts are not known to synthesize benzimidazoles or
cobamides.
The gastrointestinal tracts of several animals have been found
to contain high concentrations of corrinoids. Bovine rumen, ovine
tissue, wood-feeding insects, and the feces of humans, cows,
and pigs have concentrations of corrinoids up to 2 μg per gram
of sample, though the concentrations of free benzimidazoles in
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these environments have not been reported (Brown et al., 1955;
Wakayama et al., 1984; Kelly et al., 2006; Allen and Stabler, 2008;
Girard et al., 2009). We detected approximately 300 pM DMB
equivalents in each of two bovine rumen ﬂuid samples, while
in termite fecal pellets ∼0.9 pmol/g was detected (Table 2). Environmental samples not associated with an animal host, including
two soil samples and one creek water sample, contained DMB
equivalents similar to termite feces (0.5–0.7 pmol/g and 7 pM,
respectively; Table 2). In addition, approximately 100 pM DMB
equivalents were measured in a laboratory Winogradsky column
(Table 2).
To quantify the individual benzimidazoles present in each sample, we used a recently developed LC/MS/MS method that can
detect and quantify the ﬁve benzimidazoles shown in Figure 1B
(Men et al., 2014b). This method quantiﬁes molecules based on
speciﬁc retention times and unique fragmentation patterns by
comparison to authentic standards. LC/MS/MS analysis indicated
that nearly all of the samples contained multiple benzimidazoles
in different concentrations. The total concentrations of benzimidazoles measured by LC/MS/MS were 2- to 10-fold lower than
those calculated by the bluB bioassay in most cases, suggesting
that additional benzimidazoles not included in our LC/MS/MS
detection method could be present (Table 2). The benzimidazoles
detected in our samples are likely not a result of abiotic degradation of cobamides during the puriﬁcation process because an
analysis of the cobamide content of some of the samples showed
that cobamides corresponding to each benzimidazole were not
present (data not shown). However, other products may lead to
an overestimation of benzimidazole content in the bioassay, as
discussed below. In sum, these results suggest that different combinations and concentrations of benzimidazoles are present in a
variety of environments.

DISCUSSION
Cobamides are important cofactors for diverse metabolic processes in the majority of prokaryotes as well as in animals and
protists (Roth et al., 1996). Emerging work has shown that both
cobamides and lower ligands are shared among microbes that
reside in complex communities (Yan et al., 2012; Yi et al., 2012;
Degnan et al., 2014; Men et al., 2014b). Guided biosynthesis and
cobamide remodeling, two activities that require a free lower ligand base, have been observed in pure bacterial cultures, deﬁned
co-cultures, and communities, when amended with a lower ligand
base (Gray and Escalante-Semerena, 2009; Yan et al., 2012; Yi et al.,
2012; Men et al., 2014a). However, it is not known whether these
activities can occur in environmental settings because the availability of free lower ligand bases has not been examined. Here, we have
investigated the availability of free benzimidazoles in environmental samples. This work shows for the ﬁrst time both the diversity
and potential ubiquity of benzimidazoles in the environment.
We were surprised to ﬁnd that benzimidazoles could be detected
in all of the samples tested (except most of the S. meliloti supernatants). The presence of benzimidazoles in the soil samples was
not surprising given the presence of Actinomycetes in soil, several
of which are known to encode cobamide biosynthesis genes including bluB (Rodionov et al., 2003). Similarly, the bovine rumen and
termite gut have high concentrations of cobamides, suggesting
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Table 2 | Benzimidazole levels in environmental samples as determined by the S. meliloti calcofluor bioassay and LC/MS/MS.
Sample

DMB equivalents

DMB equivalents detected

detected by bioassaya

by LC/MS/MSb

Benzimidazoles detected by LC/MS/MS

DMB

MeBza

OMeBza

Bza

OHBza

Cell free supernatants
Wild type (nM)

NDBc

bluB (nM)

NDB

pMSO3 (nM)

398 ± 172

pJl1031 (nM)

NDB

Laboratory agars
Technical (pmol/g)

2.78 ± 1.16

1.81

0.242

0.286

0.231

2.48

6.67

Noble (pmol/g)

2.48 ± 1.66

0.615

0.307

0.370

0.347

0.974

0.942

Plant cell culture tested (pmol/g)

0.950 ± 0.458

0.0944

NQd

0.196

NQ

1.01

NQ

Agarose (pmol/g)

1.84 ± 1.52

0.931

0.845

0.300

0.339

0.653

NQ

Yeast extract (pmol/g)

26.0 ± 1.21

8.28

6.89

7.42

1.84

4.99

1.10

262 ± 76.1

600

490

NDe

NQ

1500

ND

Rumen 2 (pM)

367 ± 33.9

654

562

ND

ND

1250

ND

Termite (pmol/g)

0.851 ± 0.255

0.240

0.181

0.259

NQ

0.442

ND

Eucalyptus grove soil (pmol/g)

0.694 ± 0.291

0.0355

NQ

ND

ND

0.483

ND

Creek bank soil (pmol/g)

0.531 ± 0.361

0.0145

NQ

ND

NQ

0.197

ND

Creek water (pM)

7.36 ± 3.35

0.357

NQ

ND

NQ

4.86

ND

Winogradsky column water (pM)

104 ± 35.5

28.1

23.9

24.5

ND

22.6

ND

Host-associated samples
Rumen 1 (pM)

Environmental samples

aThe total benzimidazole content is expressed as “DMB equivalents” because the bioassay does not differentiate DMB from other benzimidazoles. Average and SE

of three independent biological replicates are shown.
b Expected bioassay equivalents, see Section “Materials and Methods” for the calculation method.
c NDB not detectable by bioassay, detection limit of 244 pM.
d NQ not quantiﬁable: less than 50 fmol. Compounds were detectable but too dilute for accurate quantiﬁcation.
e ND not detected, compounds were below the detection limit of 20 fmol.

that benzimidazole biosynthesis occurs in these environments
(Wakayama et al., 1984; Girard et al., 2009). The physiological
relevance of the concentrations of benzimidazoles we observed
remains unclear, as the highest levels (>100 pM) are slightly
lower than those required to rescue the CFB phenotype of the
S. meliloti bluB mutant (see Figure 4), and the minimum concentrations required for incorporation into cobamides in other
bacteria remain untested. We previously observed that a 1,000-fold
higher concentration of benzimidazoles is required to inhibit the
growth of the cobamide-producing bacterium Sporomusa ovata,
suggesting that the concentrations we observed would not drive
guided biosynthesis in all bacteria (Mok and Taga, 2013). However, certain organisms that do not produce alternative lower
ligands endogenously may be capable of salvaging benzimidazoles
at these concentrations. Additionally, microenvironments within
planktonic communities or bioﬁlms could contain higher local
concentrations of benzimidazoles that may affect nearby cells.
The diversity of benzimidazoles we observed may be underestimated, as our LC/MS/MS method detects only ﬁve of the
six known cobamide-associated benzimidazoles (Renz, 1999),
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and other benzimidazoles that have not yet been observed
in cobamides may be biologically relevant. It is possible that
other benzimidazoles are present that were not detected by
LC/MS/MS since the total benzimidazole concentration estimated
by LC/MS/MS was lower than the concentration measured by the
bioassay in the majority of samples. Conversely, the benzimidazole
levels measured in the bioassay may have been overestimated
because compounds other than benzimidazoles that cause a reduction in CF ﬂuorescence could be present in the samples, or the
bioassay may have collectively detected trace amounts of benzimidazoles that, when measured individually, fell below the
quantiﬁable range of the LC/MS/MS method. Finally, we cannot formally rule out the possibility that some of the compounds
measured as benzimidazoles by LC/MS/MS could instead be other
compounds present in the samples that have chemical properties very similar to a benzimidazole being detected, including the
same retention time, m/z (to within ∼0.1 amu), and fragmented
product ion m/z values.
Our detection of DMB (and other benzimidazoles) in laboratory agars is consistent with a previous study that reported genetic
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evidence that DMB activity is present in standard laboratory agar
at levels sufﬁcient to promote guided biosynthesis in Salmonella
enterica (Anderson et al., 2008). However, it is unclear why we
detected similar concentrations of benzimidazoles in both technical and noble agars, though this discrepancy could be explained
by a strong response to Bza and 5-OHBza, which were found at
higher levels in technical agar, in S. enterica. Given that agar is
derived from algae, it is likely that the benzimidazoles present in
agar originate from cobamide-producing bacteria associated with
the algal cells (Croft et al., 2005; Helliwell et al., 2011; Kazamia
et al., 2012).
We were particularly surprised to detect a substantial amount
of benzimidazoles in yeast extract, since fungi are reported not to
synthesize cobamides. The presence of these compounds points
to possible cobamide-independent roles for benzimidazoles. One
example of a naturally occurring benzimidazole that is not associated with a cobamide is kealiiquinone, a compound extracted from
a sponge of the Leucetta genus, which indicates that benzimidazole
synthesis is not limited to prokaryotes (Akee et al., 1990; Alamgir
et al., 2007). Other benzimidazoles have been found to have biological activities not clearly associated with cobamide synthesis,
such as inhibition of bioﬁlm formation (Sambanthamoorthy et al.,
2011). Alternatively, DMB may be formed non-enzymatically
from ﬂavins during the production of yeast extract, though the
production of benzimidazoles other than DMB in this manner
would require additional steps (Maggio-Hall et al., 2003). Bacterial
contamination during industrial preparation is another possible
source of benzimidazoles in yeast extract. Regardless of the source,
these compounds were not previously recognized as components
of laboratory yeast extract, and their presence in bacterial growth
media could inﬂuence cobamide-dependent biological processes.
For example, the presence of benzimidazoles in yeast extract and
agar likely explains why the S. meliloti bluB mutant, but not the
cobU mutant, can grow without cobalamin supplementation in
LB liquid medium and on minimal agar plates. The bluB mutant,
which is unable to synthesize DMB, is apparently partially rescued
by benzimidazoles in the media, while the cobU mutant, which
is unable to activate lower ligand bases for attachment, cannot
use the benzimidazoles available in the media (Campbell et al.,
2006; Crofts et al., 2013). The CFB phenotype of the bluB mutant,
which is utilized in the bioassay described here, therefore indicates
a partial rescue of the DMB auxotrophy by benzimidazoles in the
media.
Here, we also present evidence that the CFB phenotype of the
bluB mutant is the result of DNA stress due to inadequate activity
of the cobalamin-dependent RNR. Although DNA stress was not
previously known to elicit a CFB response, the CFB phenotype has
been observed in response to several other types of stress including low nutrient conditions and oxidative stress (Wells and Long,
2002). This response is likely due to the ability of EPSs including
succinoglycan to promote bioﬁlm formation and protect against
toxins including reactive oxygen species produced by the plant host
during nodule invasion (Fujishige et al., 2006; Nogales et al., 2006;
Rinaudi et al., 2006; Soto et al., 2006; Lehman and Long, 2013).
The absence of a mucoid colony phenotype in the bluB mutant
suggests that the CFB phenotype is due, at least in part, to a structural alteration in succinoglycan, rather than overproduction. We
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do not yet know the structure of the altered succinoglycan produced in response to DNA stress, or the beneﬁt, if any, this altered
EPS provides.
We have used two independent methods, a newly developed
bioassay and an LC/MS/MS method, to detect benzimidazoles in
a variety of environments. The prevalence of these compounds
in both aerobic (such as soil and creek water) and anaerobic
environments (such as rumen) is also interesting from a biochemical perspective because their biosynthetic pathways are unknown,
with the exception of the aerobic biosynthesis of DMB which is catalyzed by BluB (Campbell et al., 2006; Taga et al., 2007). Because
it can be performed in a high-throughput manner, the bioassay
described here could be used as a tool to screen for benzimidazole
production to aid in the identiﬁcation of yet undiscovered benzimidazole biosynthetic genes such as the elusive anaerobic pathway
to DMB (Renz, 1999). The identiﬁcation of benzimidazoles in
diverse environments and their roles in cobamide biosynthesis, salvaging, and remodeling reinforces the importance of identifying
these pathways.

ACKNOWLEDGMENTS
This work was supported by NIH grant GM083343 and NSF grant
MCB1122046 to Michiko E. Taga and NIEHS Superfund project
P42ES004705 to Lisa Alvarez-Cohen. We are grateful to Erica
Seth for providing termite fecal pellets, Ed DePeters, and Katie
Cassinerio for providing rumen ﬂuid, and the late Sydney Kustu
for the gift of her Winogradsky column. We thank Graham Walker
for guidance on the characterization of the CFB phenotype and
Hajime Kobayashi for suggesting the ﬁlter disk assay.
REFERENCES
Akee, R. K., Carroll, T. R., Yoshida, W. Y., Scheuer, P. J., Stout, T. J., and Clardy, J.
(1990). Two imidazole alkaloids from a sponge. J. Org. Chem. 55, 1944–1946. doi:
10.1021/jo00293a048
Alamgir, M., Black, D. S. C., and Kumar, N. (2007). “Synthesis, reactivity and biological activity of benzimidazoles,” in Bioactive heterocycles III Topics in Heterocyclic
Chemistry, ed. M. T. H. Khan (Berlin: Springer Berlin Heidelberg), 87–118. doi:
10.1007/7081_2007_088
Allen, R. H., and Stabler, S. P. (2008). Identiﬁcation and quantitation of cobalamin
and cobalamin analogues in human feces. Am. J. Clin. Nutr. 87, 1324–35.
Anderson, P. J., Lango, J., Carkeet, C., Britten, A., Kräutler, B., Hammock, B. D., et al.
(2008). One pathway can incorporate either adenine or dimethylbenzimidazole
as an alpha-axial ligand of B12 cofactors in Salmonella enterica. J. Bacteriol. 190,
1160–71. doi: 10.1128/JB.01386-07
Banerjee, R., and Ragsdale, S. W. (2003). The many faces of vitamin B12: catalysis by cobalamin-dependent enzymes. Annu. Rev. Biochem. 72, 209–247. doi:
10.1146/annurev.biochem.72.121801.161828
Brown, F. B., Cain, J. C., Gant, D. E., Parker, L. F., and Smith, E. L. (1955). The vitamin
B12 group; presence of 2-methyl purines in factors A and H and isolation of new
factors. Biochem. J. 59, 82–86.
Campbell, G. R. O., Taga, M. E., Mistry, K., Lloret, J., Anderson, P. J., Roth, J.
R., et al. (2006). Sinorhizobium meliloti bluB is necessary for production of 5,6dimethylbenzimidazole, the lower ligand of B12. Proc. Natl. Acad. Sci. U.S.A. 103,
4634–4639. doi: 10.1073/pnas.0509384103
Carlson, J., Fuchs, J. A., and Messing, J. (1984). Primary structure of the Escherichia
coli ribonucleoside diphosphate reductase operon. Proc. Natl. Acad. Sci. U.S.A.
81, 4294–4297. doi: 10.1073/pnas.81.14.4294
Choi, S. C., Chase, T., and Bartha, R. (1994). Enzymatic catalysis of mercury
methylation by Desulfovibrio desulfuricans LS. Appl. Environ. Microbiol. 60,
1342–1346.
Cowles, J. R., and Evans, H. J. (1968). Some properties of the ribonucleotide
reductase from Rhizobium meliloti. Arch. Biochem. Biophys. 127, 770–778. doi:
10.1016/0003-9861(68)90288-9

November 2014 | Volume 5 | Article 592 | 10

Crofts et al.

Croft, M. T., Lawrence, A. D., Raux-Deery, E., Warren, M. J., and Smith, A. G. (2005).
Algae acquire vitamin B12 through a symbiotic relationship with bacteria. Nature
438, 90–93. doi: 10.1038/nature04056
Crofts, T. S., Seth, E. C., Hazra, A. B., and Taga, M. E. (2013). Cobamide structure
depends on both lower ligand availability and CobT substrate speciﬁcity. Chem.
Biol. 6, 1265–1274. doi: 10.1016/j.chembiol.2013.08.006
Degnan, P. H., Barry, N. A., Mok, K. C., Taga, M. E., and Goodman, A. L.
(2014). Human gut microbes use multiple transporters to distinguish vitamin B12 analogs and compete in the gut. Cell Host Microbe 15, 47–57. doi:
10.1016/j.chom.2013.12.007
Doherty, D., Leigh, J. A., Glazebrook, J., and Walker, G. C. (1988). Rhizobium meliloti mutants that overproduce the R. meliloti acidic calcoﬂuor-binding
exopolysaccharide. J. Bacteriol. 170, 4249–4256.
Elford, H. L. (1968). Effect of hydroxyurea on ribonucleotide reductase. Biochem.
Biophys. Res. Commun. 33, 129–135. doi: 10.1016/0006-291X(68)90266-0
Escalante-Semerena, J. C. (2007). Conversion of cobinamide into adenosylcobamide
in bacteria and archaea. J. Bacteriol. 189, 4555–4560. doi: 10.1128/JB.00503-07
Finan, T. M., Hirsch, A. M., Leigh, J. A., Johansen, E., Kuldau, G. A., Deegan, S.,
et al. (1985). Symbiotic mutants of Rhizobium meliloti that uncouple plant from
bacterial differentiation. Cell 40, 869–877. doi: 10.1016/0092-8674(85)90346-0
Fujishige, N. A., Kapadia, N. N., De Hoff, P. L., and Hirsch, A. M. (2006). Investigations of Rhizobium bioﬁlm formation. FEMS Microbiol. Ecol. 56, 195–206. doi:
10.1111/j.1574-6941.2005.00044.x
Gibson, K. E., Campbell, G. R., Lloret, J., and Walker, G. C. (2006). CbrA is a
stationary-phase regulator of cell surface physiology and legume symbiosis in
Sinorhizobium meliloti. J. Bacteriol. 188, 4508–4521. doi: 10.1128/JB.01923-05
Girard, C. L., Santschi, D. E., Stabler, S. P., and Allen, R. H. (2009). Apparent
ruminal synthesis and intestinal disappearance of vitamin B12 and its analogs in
dairy cows. J. Dairy Sci. 92, 4524–4529. doi: 10.3168/jds.2009-2049
Gray, M. J., and Escalante-Semerena, J. C. (2009). In vivo analysis of cobinamide
salvaging in Rhodobacter sphaeroides strain 2.4.1. J. Bacteriol. 191, 3842–3851.
doi: 10.1128/JB.00230-09
Gray, M. J., and Escalante-Semerena, J. C. (2010). A new pathway for the synthesis
of α-ribazole-phosphate in Listeria innocua. Mol. Microbiol. 77, 1429–1438. doi:
10.1111/j.1365-2958.2010.07294.x
Guarino, E., Jiménez-Sánchez, A., and Guzmán, E. C. (2007). Defective ribonucleoside diphosphate reductase impairs replication fork progression in Escherichia
coli. J. Bacteriol. 189, 3496–3501. doi: 10.1128/JB.01632-06
Hazra, A. B., Tran, J. L. A., Crofts, T. S., and Taga, M. E. (2013). Analysis
of substrate speciﬁcity in CobT homologs reveals widespread preference for
DMB, the lower axial ligand of vitamin B12. Chem. Biol. 20, 1275–1285. doi:
10.1016/j.chembiol.2013.08.007
He, J., Holmes, V. F., Lee, P. K. H., and Alvarez-Cohen, L. (2007). Inﬂuence of
vitamin B12 and cocultures on the growth of Dehalococcoides isolates in deﬁned
medium. Appl. Environ. Microbiol. 73, 2847–2853. doi: 10.1128/AEM.02574-06
Helliwell, K. E., Wheeler, G. L., Leptos, K. C., Goldstein, R. E., and Smith, A. G.
(2011). Insights into the evolution of vitamin B12 auxotrophy from sequenced
algal genomes. Mol. Biol. Evol. 28, 2921–2933. doi: 10.1093/molbev/msr124
Kazamia, E., Czesnick, H., Van Nguyen, T., Croft, M. T., Sherwood, E., Sasso, S.,
et al. (2012). Mutualistic interactions between vitamin B(12) –dependent algae
and heterotrophic bacteria exhibit regulation. Environ. Microbiol. 14, 1466–1476.
doi: 10.1111/j.1462-2920.2012.02733.x
Kelleher, B. P., and Broin, S. D. (1991). Microbiological assay for vitamin B12
performed in 96-well microtitre plates. J. Clin. Pathol. 44, 592–595. doi:
10.1136/jcp.44.7.592
Kelly, R. J., Gruner, T. M., Furlong, J. M., and Sykes, A. R. (2006). Analysis of corrinoids in ovine tissues. Biomed. Chromatogr. 20, 806–814. doi:
10.1002/bmc.604
Kräutler, B., Fieber, W., Ostermann, S., Fasching, M., Ongania, K., Gruber, K., et al.
(2003). The cofactor of tetrachloroethene reductive dehalogenase of Dehalospirillum multivorans is norpseudo-B12, a new type of a natural corrinoid. Helv. Chim.
Acta 86, 3698–3716. doi: 10.1002/hlca.200390313
Lawrence, C. C., and Stubbe, J. (1998). The function of adenosylcobalamin in the
mechanism of ribonucleoside triphosphate reductase from Lactobacillus leichmannii. Curr. Opin. Chem. Biol. 2, 650–655. doi: 10.1016/S1367-5931(98)80097-5
Lehman, A. P., and Long, S. R. (2013). Exopolysaccharides from Sinorhizobium
meliloti can protect against H2O2-dependent damage. J. Bacteriol. 195, 5362–
5369. doi: 10.1128/JB.00681-013

www.frontiersin.org

Benzimidazoles in the environment

Maggio-Hall, L. A., Dorrestein, P. C., Escalante-Semerena, J. C., and Begley, T. P.
(2003). Formation of the dimethylbenzimidazole ligand of coenzyme B(12) under
physiological conditions by a facile oxidative cascade. Org. Lett. 5, 2211–2213. doi:
10.1021/ol034530m
Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982). Molecular Cloning: A Laboratory
Manual, 3rd Edn. Plainview, NY: Cold Spring Harbor Lab Press.
Meade, H. M., Long, S. R., Ruvkun, G. B., Brown, S. E., and Ausubel, F. M. (1982).
Physical and genetic characterization of symbiotic and auxotrophic mutants of
Rhizobium meliloti induced by transposon Tn5 mutagenesis. J. Bacteriol. 149,
114–122.
Men, Y., Seth, E. C., Yi, S., Allen, R. H., Taga, M. E., and Alvarez-Cohen, L. (2014a).
Sustainable growth of Dehalococcoides mccartyi 195 by corrinoid salvaging and
remodeling in deﬁned lactate-fermenting consortia. Appl. Environ. Microbiol. 80,
2133–2141. doi: 10.1128/AEM.03477-13
Men, Y., Seth, E. C., Yi, S., Crofts, T. S., Allen, R. H., Taga, M. E., et al. (2014b). Identiﬁcation of speciﬁc corrinoids reveals corrinoid modiﬁcation in dechlorinating
microbial communities. Environ. Microbiol. doi: 10.1111/1462-2920.12500 [Epub
ahead of print].
Mok, K. C., and Taga, M. E. (2013). Growth inhibition of Sporomusa ovata by
incorporation of benzimidazole bases into cobamides. J. Bacteriol. 195, 1902–
1911. doi: 10.1128/JB.01282-12
Morris, J., and González, J. E. (2009). The novel genes emmABC are associated
with exopolysaccharide production, motility, stress adaptation, and symbiosis in Sinorhizobium meliloti. J. Bacteriol. 191, 5890–5900. doi: 10.1128/JB.
00760-09
Nogales, J., Muñoz, S., Olivares, J., and Sanjuán, J. (2006). Sinorhizobium meliloti
genes involved in tolerance to the antimicrobial peptide protamine. FEMS
Microbiol. Lett. 264, 160–167. doi: 10.1111/j.1574-6968.2006.00445.x
Perlman, D. (1959). Microbial synthesis of cobamides. Adv. Appl. Microbiol. 1,
87–122. doi: 10.1016/S0065-2164(08)70476-3
Perlman, D. (1971). Processes for the biosynthesis of cobamides. Methods Enzymol.
934, 75–82. doi: 10.1016/S0076-6879(71)18012-3
Pinedo, C. A., Bringhurst, R. M., and Gage, D. J. (2008). Sinorhizobium
meliloti mutants lacking phosphotransferase system enzyme HPr or EIIA are
altered in diverse processes, including carbon metabolism, cobalt requirements,
and succinoglycan production. J. Bacteriol. 190, 2947–2956. doi: 10.1128/JB.
01917-07
Pommier, Y., Leo, E., Zhang, H., and Marchand, C. (2010). DNA topoisomerases and
their poisoning by anticancer and antibacterial drugs. Chem. Biol. 17, 421–433.
doi: 10.1016/j.chembiol.2010.04.012
Ragsdale, S. W., and Pierce, E. (2008). Acetogenesis and the Wood-Ljungdahl
pathway of CO(2) ﬁxation. Biochim. Biophys. Acta 1784, 1873–1898. doi:
10.1016/j.bbapap.2008.08.012
Renz, P. (1999). “Biosynthesis of the 5,6-dimethylbenzimidazole moiety of cobalamin and of the other bases found in natural corrinoids,” in Chemistry and
Biochemistry of B12, ed. R. Banerjee (New York: John Wiley and Sons, Inc),
557–575.
Renz, P., Endres, B., Kurz, B., and Marquart, J. (1993). Biosynthesis of vitamin
B12 in anaerobic bacteria. Transformation of 5-hydroxybenzimidazole and 5hydroxy-6-methylbenzimidazole into 5,6-dimethylbenzimidazole in Eubacterium
limosum. Eur. J. Biochem. 217, 1117–1121. doi: 10.1111/j.1432-1033.1993.
tb18344.x
Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K. (1948).
Crystalline vitamin B12. Science 107, 396–397. doi: 10.1126/science.107.2781.396
Rinaudi, L., Fujishige, N. A., Hirsch, A. M., Banchio, E., Zorreguieta, A., and
Giordano, W. (2006). Effects of nutritional and environmental conditions on
Sinorhizobium meliloti bioﬁlm formation. Res. Microbiol. 157, 867–875. doi:
10.1016/j.resmic.2006.06.002
Rodionov, D. A., Vitreschak, A. G., Mironov, A. A., and Gelfand, M. S. (2003). Comparative genomics of the vitamin B12 metabolism and regulation in prokaryotes.
J. Biol. Chem. 278, 41148–41159. doi: 10.1074/jbc.M305837200
Roth, J. R., Lawrence, J. G., and Bobik, T. A. (1996). Cobalamin (coenzyme B12):
synthesis and biological signiﬁcance. Annu. Rev. Microbiol. 50, 137–181. doi:
10.1146/annurev.micro.50.1.137
Sambanthamoorthy, K., Gokhale, A. A., Lao, W., Parashar, V., Neiditch, M. B.,
Semmelhack, M. F., et al. (2011). Identiﬁcation of a novel benzimidazole that
inhibits bacterial bioﬁlm formation in a broad-spectrum manner. Antimicrob.
Agents Chemother. 55, 4369–4378. doi: 10.1128/AAC.00583-11

November 2014 | Volume 5 | Article 592 | 11

Crofts et al.

Seth, E. C., and Taga, M. E. (2014). Nutrient cross-feeding in the microbial world.
Front. Microbiol. 5:350. doi: 10.3389/fmicb.2014.00350
Soto, M. J., Sanjuán, J., and Olivares, J. (2006). Rhizobia and plant-pathogenic
bacteria: common infection weapons. Microbiology 152, 3167–3174. doi:
10.1099/mic.0.29112-0
Taga, M. E., Larsen, N. A., Howard-Jones, A. R., Walsh, C. T., and Walker, G. C.
(2007). BluB cannibalizes ﬂavin to form the lower ligand of vitamin B12. Nature
446, 449–453. doi: 10.1038/nature05611
Taga, M. E., and Walker, G. C. (2010). Sinorhizobium meliloti requires a cobalamindependent ribonucleotide reductase for symbiosis with its plant host. Mol. Plant
Microbe. Interact. 23, 1643–1654. doi: 10.1094/MPMI-07-10-0151
Wakayama, E. J., Dillwith, J. W., Howard, R. W., and Blomquist, G. J. (1984). Vitamin
B12 levels in selected insects. Insect Biochem. 14, 175–179. doi: 10.1016/00201790(84)90027-1
Wells, D. H., and Long, S. R. (2002). The Sinorhizobium meliloti stringent response
affects multiple aspects of symbiosis. Mol. Microbiol. 43, 1115–1127. doi:
10.1046/j.1365-2958.2002.02826.x
Woodson, J. D., and Escalante-Semerena, J. C. (2004). CbiZ, an amidohydrolase enzyme required for salvaging the coenzyme B12 precursor cobinamide in archaea. Proc. Natl. Acad. Sci. U.S.A. 101, 3591–3596. doi:
10.1073/pnas.0305939101
Yan, J., Ritalahti, K. M., Wagner, D. D., and Löfﬂer, F. E. (2012). Unexpected
speciﬁcity of interspecies cobamide transfer from Geobacter spp. to organohaliderespiring Dehalococcoides mccartyi strains. Appl. Environ. Microbiol. 78, 6630–
6636. doi: 10.1128/AEM.01535-12
Yi, S., Seth, E. C., Men, Y., Stabler, S. P., Allen, R. H., Alvarez-Cohen, L., et al. (2012).
Versatility in corrinoid salvaging and remodeling pathways supports corrinoid-

Frontiers in Microbiology | Microbiological Chemistry

Benzimidazoles in the environment

dependent metabolism in Dehalococcoides mccartyi. Appl. Environ. Microbiol. 78,
7745–7752. doi: 10.1128/AEM.02150-12
Yu, T.-Y., Mok, K. C., Kennedy, K. J., Valton, J., Anderson, K. S., Walker,
G. C., et al. (2012). Active site residues critical for ﬂavin binding and 5,6dimethylbenzimidazole biosynthesis in the ﬂavin destructase enzyme BluB.
Protein Sci. 21, 839–849. doi: 10.1002/pro.2068
Zhang, Y., Rodionov, D. A., Gelfand, M. S., and Gladyshev, V. N. (2009). Comparative
genomic analyses of nickel, cobalt and vitamin B12 utilization. BMC Genomics
10:78. doi: 10.1186/1471-2164-10-78
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 23 June 2014; accepted: 20 October 2014; published online: 13 November
2014.
Citation: Crofts TS, Men Y, Alvarez-Cohen L and Taga ME (2014) A bioassay for the
detection of benzimidazoles reveals their presence in a range of environmental samples.
Front. Microbiol. 5:592. doi: 10.3389/fmicb.2014.00592
This article was submitted to Microbiological Chemistry, a section of the journal
Frontiers in Microbiology.
Copyright © 2014 Crofts, Men, Alvarez-Cohen and Taga. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

November 2014 | Volume 5 | Article 592 | 12

