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Summary

Methanotrophs, bacteria that utilize methane as their
sole carbon and energy source, are known to have
high requirements for copper. These bacteria have
recently been found to synthesize a copper-chelating
agent, or chalkophore, termed methanobactin. To aid
in screening methanobactin production by methan-
otrophs, a plate assay developed from the chrome
azurol S (CAS) assay for siderophore production, was
modified. In the typical CAS assay, a colour change
from blue to orange in iron–CAS plates is observed as
iron (III) ion weakly bound to CAS is sequestered by
siderophores with higher affinities. In our modified
assay, iron (III) chloride of the original CAS solution
was substituted with copper (II) chloride, and removal
of copper from CAS caused a colour change from
blue to yellow. Assay results indicated that of the four
tested methanotrophs (Methylosinus trichosporium
OB3b, Methylococcus capsulatus Bath, Methylomi-
crobium album BG8 and Methylocystis parvus
OBBP), only M. trichosporium OB3b, M. capsulatus
Bath and M. album BG8 produced chalkophores
capable of competing with CAS for copper, while
M. parvus OBBP did not or did not export sufficient
concentrations of methanobactin for detection by
this assay. It was also found using Fe–CAS plates
that at least M. trichosporium OB3b and M. album
BG8 produce siderophores. These results may be
expanded for the detection of chalkophores in other

microorganisms as well as for screening of putative
mutants of chalkophore synthesis.

Introduction

It has been known for over 50 years that bacteria have
high-affinity iron uptake systems, involving the exudation
of siderophores and uptake of their iron complexes
(Neilands, 1995). Such systems are important as under
aerobic conditions, iron exists predominantly as Fe(III),
which forms sparingly soluble precipitates that are difficult
for microorganisms to access. Other metals also play key
roles in the microbial metabolism including zinc, manga-
nese, nickel and copper, and corresponding systems
ensuring metal homeostasis are the subject of current
research (Waldron and Robinson, 2009).

Copper in particular is a key nutrient for methanotrophs,
a group of remarkable bacteria capable of utilizing
methane as their sole source of carbon and energy, and is
known to regulate the expression and activity of multiple
forms of the methane monooxygenase (MMO). One form,
the particulate methane monooxygenase (pMMO) is
found in most known methanotrophs and is located in the
cytoplasmic membrane (Prior and Dalton, 1985; Murrell
et al., 2000; Dalton, 2005). Another form, the soluble
methane monooxygenase (sMMO) is found in some
methanotrophs and is located in the cytoplasm (Wallar
and Lipscomb, 1996; Dalton, 2005). In methanotrophs
that have both forms of MMO, copper is known to be a key
factor in the expression of the genes encoding both
sMMO and pMMO as well as the activity of these
enzymes (Scott et al., 1981; Stanley et al., 1983; Collins
et al., 1991; Zahn and DiSpirito, 1996; Nielsen et al.,
1997; Murrell et al., 2000; Choi et al., 2003). It is also well
known that these cells have high copper requirements,
and that copper has strong pleiotropic effects on metha-
notrophic physiology and gene expression, as well as
affecting the ability of methanotrophs to oxidize methane
and co-substrates (Lontoh and Semrau, 1998; Kao et al.,
2004; Lee et al., 2006).

It was not until recently, however, that a high-affinity
copper uptake system of proteobacterial methanotrophs
was discovered in Methylosinus trichosporium OB3b
involving the exudation of methanobactin (Kim et al.,
2004; Behling et al., 2008). This compound is a chalko-
phore (chalko is Greek for copper), and is analogous to
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siderophores used by a variety of organisms for collection
of iron. Here, however, the structure of methanobactin,
including its ligating groups is optimized for the formation
of stable copper complexes. For example, methanobactin
from M. trichosporium OB3b utilizes a pair of mercapto-
oxalazone rings for copper binding and has an extremely
high affinity and specificity for copper, with binding con-
stants of 3.3 ¥ 1034 � 3.0 ¥ 1011 M-1 as compared with
105–107 M-1 for other metal ions (Choi et al., 2006). Other
methanotrophs have also been found to produce com-
pounds similar to methanobactin that are also believed to
be used in copper uptake (Choi et al., 2008), but the
affinity of these compounds for copper has not been
reported. A number of other methanotrophs have also
been observed to produce water-soluble pigments (Whit-

tenbury et al., 1970; Green, 1992), but no assay yet exists
to screen methanotrophs, or other cells for chalkophore
production.

Pursuant to the goal of developing such an assay, here
we present a simple method to screen for the production
of chalkophores. This assay was developed by modifying
the popular assay based on chrome azurol S (CAS) for
siderophore production (Schwyn and Neilands, 1987), to
instead screen cultures specifically for chalkophore pro-
duction by substituting copper for iron. In the original
assay, a blue complex is formed between iron and CAS in
the presence of a detergent, hexadecyltrimethylammo-
nium bromide (HDTMA). The removal of iron by a com-
peting ligand, e.g. a siderophore, results in a colour
change, typically from blue to orange. Here copper was

Fig. 1. Split NMS/50 mM Cu–CAS plates for
detection of chalkophore production over
time by representative g-Proteobacteria
methanotrophs – M. album BG8 incubated at
30°C (left) and M. capsulatus Bath incubated
at 45°C (right). The NMS agar (Whittenbury
et al., 1970) was supplemented with 1 mM
copper as CuCl2. 50 mM Cu–CAS agar was
prepared by adding 50 ml of 0.42 mM CAS
solution to 10 ml of a 5 mM CuCl2 solution.
This solution was then added to 40 ml of
0.525 mM HDTMA under stirring to give
final concentrations of 0.5 mM, 0.525 mM
and 1.05 mM of Cu, CAS and HDTMA
respectively. 450 ml of NMS was prepared
separately. Concentrations of salts were
adjusted for 500 ml NMS medium, considering
later addition of the Cu–CAS solution. The
purple-coloured Cu–CAS stock solution and
NMS agar preparation were then autoclaved
separately. After cooling to ~50°C, 50 ml of
the purple-coloured Cu–CAS solution was
carefully pippetted into NMS agar medium.
Vitamin (Lidstrom, 1988) and phosphate
buffer solutions were then added to the
medium. Interference of phosphate buffer in
Cu–CAS NMS agar solution was not
observed to be significant and buffering
capacity was found to be sufficient to maintain
a pH of 6.8. After the agar plates cooled and
solidified, half of the agar gel was carefully
excised with a heat-sterilized razor. The
empty space was then filled with sterilized
NMS agar.
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substituted for iron, as CAS also has a high affinity
for copper (log K = 13.2) (Cha and Abruna, 1990) with a
blue complex also being observed, with a similar colour
change observed in the presence of chalkophores
expressed by methanotrophs. This assay can be used to
screen other cells for production of chalkophores to deter-
mine how widespread the expression of such compounds
may be, as well screening putative mutants of chalko-
phore synthesis.

Results and discussion

Screening of chalkophore production on split nitrate
mineral salts/Cu–CAS plates

Chalkophore production was determined by modifying
the methodology developed by Milagres and colleagues

(1999) for detection of siderophores. When methanotro-
phs were streaked onto nitrate mineral salts (NMS) agar
with 1 mM copper immediately adjacent to 50 mM Cu–CAS
agar, M. trichosporium OB3b and Methylomicrobium
album BG8, showed significant change in the colouration
of the Cu–CAS agar within 15 days (from blue to yellow),
while plates incubated with Methylococcus capsulatus
Bath showed a similar colour change within 6 days (Figs 1
and 2). It is interesting to note that significant growth of all
tested strains occurred earlier (6 days for M. trichospo-
rium OB3b, M. album BG8 and M. parvus OBBP; 4 days
for M. capsulatus Bath) but chalkophore production was
not apparent until later. For those cells showing evidence
of chalkophore production, the colour change in Cu–CAS
agar increased over time, indicating that more copper was
removed from the Cu–CAS complex over time. Methylo-

Fig. 2. Split NMS/50 mM Cu–CAS plates for
detection of chalkophore production over
time by representative a-Proteobacteria
methanotrophs – M. trichosporium OB3b (left)
and M. parvus OBBP (right). Both bacteria
were incubated at 30°C, and plates made as
described in the legend of Fig. 1.
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cystis parvus OBBP, however, did not show any significant
colour shift, although after 21 days, the Cu–CAS agar
blue colour changed slightly to green. These assays were
repeated with the NMS agar containing 10 mM copper,
and the results were similar to that shown in Figs 1 and 2,
indicating that the assay is insensitive to the amount of
copper in NMS agar in this concentration range (see
Figs S1 and S2 of Supporting information).

Attempts to screen for chalkophore production by streak-
ing methanotrophs directly onto 50 mM Cu–CAS plates
were unsuccessful. With the exception of M. trichosporium
OB3b, methanotrophic growth was extremely limited on
these plates (see Fig. S3 of Supporting information).
Growth limitation may be due to the presence of HDTMA
used to solubilize the metal–CAS complex as cationic

surfactants, particularly HDTMA, are toxic to a wide variety
of Gram-negative bacteria (Nye et al., 1994).

Production of siderophores by methanotrophs

To determine if the colour change of Cu–CAS plates was
due to non-specific metal binding by compounds other
than chalkophores, e.g. siderophores, split plates were
prepared with NMS with 10 mM copper and 50 mM
Fe–CAS agars. As can be seen in Figs 3 and 4, a slight
colour change of the Fe–CAS agar was observed at the
periphery of the Fe–CAS and NMS agar for plates
streaked with M. album BG8 and M. trichosporium OB3b,
but no colour change was apparent for plates streaked
with M. capsulatus Bath and M. parvus OBBP. In these

Fig. 3. Split NMS/50 mM Fe–CAS plates for
detection of siderophore production over
time by representative g-Proteobacteria
methanotrophs – M. album BG8 incubated at
30°C (left) and M. capsulatus Bath incubated
at 45°C (right). The NMS agar was
supplemented with 0.1% Fe-EDTA. These
plates were constructed similarly as described
in the legend of Fig. 1, but with the
substitution of 5 mM of FeCl3 prepared in
10 mM HCl for CuCl2. For Fe–CAS agar,
30 g l-1 of PIPES was used in place of
phosphate buffer, because interference of
phosphate buffer in the complexation of Fe by
CAS was found to be significant as previously
mentioned by Schwyn and Neilands (1987).
The pH of the Fe–CAS agar was adjusted to
6.8, the pKa of PIPES, with 50% w/v NaOH
solution before autoclaving.
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plates, iron was added as Fe-EDTA to the NMS agar as
this is a standard component of NMS medium. To deter-
mine if the availability of iron in the NMS medium pre-
vented uptake of iron from the Fe–CAS agar, these
assays were repeated with Fe-EDTA omitted from the
NMS agar. As can be seen in Figs 5 and 6, for M. tricho-
sporium OB3b and M. album BG8, a more substantial
colour change was observed in the Fe–CAS agar, and the
zone of the colour change increased in size over time.
M. capsulatus Bath and M. parvus OBBP, however, again
showed little colour change after 10 and 21 days respec-
tively. Collectively, these results suggest that M. trichos-
porium OB3b and M. album BG8 produced siderophores,
particularly when grown under iron limitation on NMS
agar. Alternatively, chalkophores produced by these

methanotrophs may have bound iron and have been
responsible for the observed colour changes.

To determine if iron binding in the presence of CAS was
due to either a siderophore or a chalkophore expressed
by methanotrophs, purified copper-free methanobactin
from M. trichosporium OB3b and deferoxamine-B (also
known as desferrioxamine-B) from Streptomyces pilosus
(purchased from Sigma Aldrich) were spotted onto both
50 mM Cu–CAS and Fe–CAS agar plates. As can be seen
in Fig. 7, methanobactin did cause a colour change within
1 h when spotted onto Cu–CAS agar, but not on Fe–CAS
agar after 12 h. Deferoxamine-B caused a colour change
on Cu–CAS within 1 h and Fe–CAS agar within 12 h. The
green colouration observed when methanobactin from M.
trichosporium OB3b was spotted onto Fe–CAS agar is not

Fig. 4. Split NMS/50 mM Fe–CAS plates for
detection of siderophore production over
time by representative a-Proteobacteria
methanotrophs – M. trichosporium OB3b (left)
and M. parvus OBBP (right). Both bacteria
were incubated at 30°C, and plates made as
described the legend of Fig. 3.
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due to iron binding by methanobactin, but is due to the
yellow colour of the methanobactin solution. The finding
that deferoxamine-B caused a more rapid colour change
in Cu–CAS plates as compared with Fe–CAS plates is not
unusual. Others have noted that the kinetics of ligand
exchange when siderophores are exposed to Fe–CAS
complexes is slow, often lasting several days (Schwyn
and Neilands, 1987) and ligand exchange between
siderophores and Cu–CAS complexes is much faster
(Shenker et al., 1995).

From the data presented here, simple plate assays can
detect the expression of chalkophores in methanotrophs,
and that in the case of the best-characterized chalkophore
to date, methanobactin from M. trichosporium OB3b, it
does not bind iron in the presence of CAS to a sufficient

extent to cause a colour change from blue to yellow.
These results are consistent with the known properties of
methanobactin from M. trichosporium OB3b, where the
apparent stability constant of this compound for copper is
3.3 ¥ 1034 � 3.0 ¥ 1011 M-1, while the affinity for iron is
many orders of magnitude lower, 9.7 ¥ 105 � 6 ¥ 104 M-1

(Choi et al., 2006). Although siderophores have very high
affinities for iron, many also have relatively high affinities
for copper. For example, the 1:1 log formation constants
for copper and iron complexes of deferoxamine-B are
14.12 and 30.6 respectively [at 20°C and an ionic strength
of 0.1 M (Martell et al., 2001)]. Given that siderophores
can also bind copper in the presence of CAS (Shenker
et al., 1995), it is important that when screening novel
isolates for chalkophore production, cells should be

Fig. 5. Split NMS/50 mM Fe–CAS plates for
detection of siderophore production over
time by representative g-Proteobacteria
methanotrophs – M. album BG8 incubated at
30°C (left) and M. capsulatus Bath incubated
at 45°C (right). Plates were made as
described in the legend of Fig. 3 with the
exception that Fe-EDTA was omitted from
NMS agar.
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streaked on both Cu–CAS and Fe–CAS plates under
nominally iron-sufficient conditions and on Fe–CAS plates
under iron-limiting conditions. A chalkophore should only
react with Cu–CAS unless it has an unusually high affinity
for iron, while siderophore production should be more
apparent under iron-limiting conditions.

Here the use of Cu–CAS/NMS agar plates revealed that
several, but not all screened methanotrophs express a
chalkophore. While chalkophores have been discovered
only recently in methanotrophic bacteria, siderophores
are known to be widespread among aerobic bacteria
(Wandersman and Delepelaire, 2004). In this study, the
use of Fe–CAS/NMS agar plates revealed that some of
the methanotrophs responded to low iron conditions by
the exudation of a siderophore that was suppressed

under iron sufficient conditions. This siderophore appears
to be distinct from the chalkophore that is also exuded. To
the best of the authors’ knowledge, this is the first evi-
dence of an organism that uses two distinct high-affinity
metal uptake systems for two different metal nutrients.
The use of two high-affinity metal uptake systems as well
as the fact that not all methanotrophs possess each
system may have important ecological implications.

At this time, it is unclear how methanobactin, or any
other putative chalkophore is synthesized. It is possible
that such compounds are produced via non-ribosomal
polypeptide synthases (NRPS), as are many sidero-
phores (Challis and Naismith, 2004). NRPS genes
have been found in the one published methanotrophic
genome of M. capsulatus Bath (Ward et al., 2004), but to

Fig. 6. Split NMS/50 mM Fe–CAS plates for
detection of siderophore production over
time by representative a-Proteobacteria
methanotrophs – M. trichosporium OB3b (left)
and M. parvus OBBP (right). Both bacteria
were incubated at 30°C. Plates were made as
described in the legend of Fig. 3 with the
exception that Fe-EDTA was omitted from
NMS agar.
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date no data have been published showing that such
genes are involved in methanobactin production. The
simple plate assay presented here will allow putative
chalkophore-minus mutants to be more easily screened,
thus enabling more rapid progress in determining the
genetics and biochemistry of chalkophore production,
similar to the use of the Fe–CAS assay for screening of
siderophore-defective mutants (Schwyn and Neilands,
1987; Carreró et al., 2002).

In summary, we present here the development of a
simple assay that can be used to screen methanotrophs,
and the assay can be easily modified to screen other cells
for chalkophore production by substituting the appropriate
growth medium for NMS agar. With this assay, it is appar-
ent that high-affinity copper uptake systems are not
universal in methanotrophs. The assay may also prove
useful in the elucidating the genetics of chalkophore syn-
thesis by being used to screen putative chalkophore-
minus mutants for reduced ability to bind copper.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Split NMS/50 mM Cu–CAS plates for detection
of chalkophore production over time by representative
g-Proteobacteria methanotrophs – M. album BG8 incubated
at 30°C (left) and M. capsulatus Bath incubated at 45°C
(right). Plates were made as described in the legend of Fig. 1
with the exception that NMS agar was supplemented with
10 mM copper as CuCl2.
Fig. S2. Split NMS/50 mM Cu–CAS plates for detection
of chalkophore production over time by representative
a-Proteobacteria methanotrophs – M. trichosporium OB3b
(left) and M. parvus OBBP (right). Both bacteria were incu-
bated at 30°C. Plates were made as described in the legend
of Fig. 1 with the exception that NMS agar was supplemented
with 10 mM copper as CuCl2.
Fig. S3. Growth of methanotrophs directly on 50 mM Cu–CAS
agar after 16 days: (A) M. album BG8 (1), M. trichosporium
OB3b (2), and M. parvus OBBP (3); (B) M. capsulatus Bath.
M. album BG8, M. trichosporium OB3b, and M. parvus OBBP
were incubated at 30°C while M. capsulatus Bath was incu-
bated at 45°C.
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