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Abstract
Aerobic methane oxidation (MOx) depends critically on the availability of copper (Cu)
as a crucial component of the metal centre of particulate methane monooxygenase,
one of the main enzymes involved in MOx. Some methanotrophs have developed Cu
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acquisition strategies, in which they exude Cu-binding ligands termed chalkophores

4

bactin (mb), exuded by the microaerophilic methanotroph Methylosinus trichosporium
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under conditions of low Cu availability. A well-characterised chalkophore is methanoOB3b. Aerobic methanotrophs generally reside close to environmental oxic–anoxic
interfaces, where the formation of Cu sulphide phases can aggravate the limitation
of bioavailable Cu due to their low solubility. The reactivity of chalkophores towards
such Cu sulphide mineral phases has not yet been investigated. In this study, a combination of dissolution experiments and equilibrium modelling was used to examine
the dissolution and solubility of bulk and nanoparticulate Cu sulphide minerals in the
presence of mb as influenced by pH, oxygen and natural organic matter. In general, we
show that mb is effective at increasing the dissolved Cu concentrations in the presence of a variety of Cu sulphide phases that may potentially limit Cu bioavailability.
More Cu was mobilised per mole of mb from Cu sulphide nanoparticles compared
with well-crystalline bulk covellite (CuS). In general, the efficacy of mb at mobilising
Cu from Cu sulphides is pH-dependent. At lower pH, e.g. pH 5, mb was ineffective at
solubilizing Cu. The presence of mb increased dissolved Cu concentrations between
pH 7 and 8.5, where the solubility of all Cu sulphides is generally low, both in the presence and absence of oxygen. These results suggest that chalkophore-promoted Cu
mobilisation from sulphide phases is an effective extracellular mechanism for increasing dissolved Cu concentrations at oxic–anoxic interfaces, particularly in the neutral
to slightly alkaline pH range. This suggests that aerobic methanotrophs may be able
to fulfil their Cu requirements via the exudation of mb in natural environments where
the bioavailability of Cu is constrained by very stable Cu sulphide phases.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2022 The Authors. Geobiology published by John Wiley & Sons Ltd.
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I NTRO D U C TI O N

column from atmospheric-equilibrium concentrations (>250 μM) in
surface waters to sub-micromolar concentrations within, and below,

Methane (CH4) emissions from terrestrial and marine environments

redox-transition zones (Blees, Niemann, Wenk, Zopfi, Schubert, Kirf,

contribute significantly to global warming, owing to its greater global

et al., 2014b; Guggenheim et al., 2019). Despite these potentially

warming potential (~25 times) than carbon dioxide (CO2) (Hartmann

limiting conditions, there is evidence of MOx occurring via pMMO

et al., 2013). After wetlands (70% of total natural emissions), marine

in lakes where free Cu2+ concentrations are limited (Guggenheim

and terrestrial environments contribute the most (>50% of the rest)

et al., 2019).

to natural CH4 emissions (Kirschke et al., 2013). Methane oxidation

It has been reported that some MOB cope with Cu limitation by

by methane-oxidising bacteria (MOB) or archaea (MOA) called meth-

exuding high-affinity Cu-binding organic ligands known as chalko-

anotrophs decreases CH4 fluxes to the atmosphere (i.e. the biologi-

phores (DiSpirito et al., 1998; Fitch et al., 1993; Kim et al., 2004),

cal methane filter). The aerobic oxidation of CH4 by bacteria (MOx)

similar to the siderophores exuded by some plants and microorgan-

is catalysed by one of the two methane monooxygenase (MMO) en-

isms for Fe acquisition (Kraemer, 2011; Kraemer et al., 2015). One

zymes; the copper (Cu)-bearing particulate MMO (pMMO) or the iron

such well-characterised chalkophore is methanobactin (mb) exuded

(Fe)-bearing soluble MMO (sMMO) (Hakemian et al., 2008; Hanson

by the methanotroph Methlyosinus trichosporium OB3b (M. trichos-

& Hanson, 1996). Although most MOB express pMMO, some can

porium OB3b) (Kim et al., 2005). From a biogeochemical perspective,

switch to expressing sMMO under Cu-limiting conditions (Hakemian

mb facilitates Cu acquisition by increasing the dissolved Cu concen-

et al., 2008). In general, pMMO is more common than sMMO in nat-

tration through the formation of soluble Cu-mb chelate complexes.

ural environments and possesses a higher affinity for CH4 (Leak &

While mb can also potentially complex other trace metals, e.g. Fe,

Dalton, 1986; Murrell et al., 2000). Therefore, the efficiency of MOx

Ni, Zn, Au, Ag, Pb, Mn, Cd and Co (Choi, Do, et al., 2006; McCabe

relies directly on the availability of Cu in ambient waters and the

et al., 2017), its high affinity for Cu enables it to effectively com-

capacity of methanotrophs to acquire Cu. In natural aquatic systems,

pete with other ligands in the environment (i.e. those comprised in

however, the bioavailability of Cu can be very limited. For example,

the natural organic matter [NOM] pool) for complexing Cu (Pesch

in freshwater systems, total Cu concentrations are found to be as

et al., 2013). The transfer of Cu between NOM constituents and mb

low as 10−9 M, and free Cu2+ concentrations, which are considered

occurs through fast ligand exchange reactions (Pesch et al., 2013).

a measure for readily bioavailable Cu, as low as 10

−16

M have been

observed (Xue & Sigg, 1993).

The equilibrium speciation of Cu-mb complexes depends on the
Cu to mb ratio and the pH; mb can form both 1:1 and 2:1 ligand to

Because of their requirement for both CH4 and oxygen (O2),

metal complexes, and depending on the pH, complexes can become

MOB generally reside near oxic–anoxic interfaces (Blees, Niemann,

protonated (Choi, Zea, et al., 2006; El Ghazouani et al., 2011; Pesch

Wenk, Zopfi, Schubert, Kirf, et al., 2014b; Guggenheim et al., 2019;

et al., 2012).

Hanson & Hanson, 1996; Rudd et al., 1976), often in close proxim-

Several studies have reported on the physiological response

ity to sulphidic waters (Lehmann, Bernasconi, Barbieri, et al., 2004;

of mb-exuding MOB in the presence of Cu minerals, ranging from

Lehmann, Bernasconi, McKenzie, et al., 2004). Dissolved sulphide

changes in enzyme expression (Fru et al., 2011; Knapp et al., 2007;

can constrain free Cu

2+

concentrations by forming thermodynami-

Kulczycki et al., 2007) to changes in MOx rates (Kulczycki et al., 2007).

cally stable Cu sulphide complexes and mineral phases, like covel-

It was previously shown that mb can increase Cu mobilisation from

lite (Cu[I]S), which possess very low solubility products (Luther &

Cu-doped borosilicate glass (Kulczycki et al., 2007). These studies

Rickard, 2005; Luther & Tsamakis, 1989; Rickard & Luther, 2006;

have highlighted that Cu geochemistry influences methanotrophic

Shea & Helz, 1989). Dissolved Cu can also be incorporated into

activity. The reactivity of mb towards Cu-bearing sulphide minerals

pyrite (FeS2), a mineral prevalent under sulphidic conditions, to

that are likely to constrain Cu bioavailability in habitats where MOB

form the Cu-Fe sulphide mineral chalcopyrite (CuFeS2) (Cowper &

reside remains to be elucidated.

Rickard, 1989). Once formed, Cu sulphides can traverse across oxic-

The main goal of this study was to investigate Cu mobilisation

anoxic interfaces and are often observed in oxic waters (Kuwabara

from Cu sulphide phases by mb. Local environmental conditions,

& Luther, 1993; Luther & Tsamakis, 1989; Rozan et al., 1999; Rozan

including the presence of NOM constituents, can affect various

et al., 2000) where they can persist for weeks, or even months

properties of sulphides in the environment, including particle size,

(Sukola et al., 2005), despite their propensity towards oxidative dis-

particle aggregation state and thermodynamic stability (Deonarine

solution. Slow oxidation kinetics of Cu sulphides (Millero et al., 1987)

& Hsu-Kim, 2009; Hoffmann et al., 2020; Tiller & O'Melia, 1993).

can further be inhibited at the low dissolved O2 concentrations ob-

Therefore, we carried out batch dissolution experiments using both

served in the vicinity of oxic-anoxic interfaces. In eutrophic lakes, for

nanoparticulate Cu sulphides, including nanoparticles (NPs) synthe-

example, O2 concentrations often decrease with depth in the water

sised in the presence or absence of fulvic acids, and well-crystalline
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Cu sulphides, including synthetic covellite (CuS) and a natural chal-

C18-A 250 × 10.00 mm column and preguard using a mixed mobile

copyrite (CuFeS2) sample. Furthermore, to explore the geochemical

phase of methanol and 10 mM NaCl in UPW (gradient outlined in

constraints on Cu mobilisation from sulphides, we investigated the

Pesch et al., 2011). The eluent was monitored with a detector meas-

effect of both pH and O2 on Cu sulphide dissolution. A particular

uring UV–vis absorbance at 254 and 390 nm. Purified fractions were

focus was Cu mobilisation in the neutral to slightly alkaline pH range,

collated, rotary-evaporated to remove methanol and lyophilized

which is a characteristic of most natural freshwater and marine sys-

at the end of each day. The lyophilized product was redissolved in

tems (Posacka et al., 2019) where bacterial copper limitation may

a small amount of UPW, and the concentration and purity of the

occur. Considering the increasing stability of Cu-mb complexes

product (82%–95%) were determined via the measurement of the C

with increasing pH (Pesch et al., 2012), we hypothesised that mb-

concentration and C/N ratio, respectively (Shimadzu TOC -LCPH an-

promoted dissolution of Cu sulphides is effective in the neutral-

alyser). The purity of the product was accounted for by diluting the

alkaline pH range and that this process accelerates Cu mobilisation

product to achieve final Cu-free mb stock concentrations of 1–2 mM.

even in the presence of O2, where sulphide oxidation provides an

Stocks were stored at −20°C to avoid degradation.

additional pathway of Cu mobilisation. Amorphous mineral phases
are often characterised by lower thermodynamic stability and higher
surface area compared with the corresponding more crystalline

2.2 | Cu sulphide minerals

phases. Therefore, we hypothesised that the extent of Cu mobilisation by mb from Cu sulphides differs between sulphide phases, spe-

Cu sulphide nanoparticles (CuxS NPs) were synthesised in the

cifically, that more Cu is mobilised from poorly crystalline CuxS NPs

presence and absence of Suwannee River fulvic acid standard

than from well-crystalline CuS and CuFeS2. This work demonstrates

II (SRFA; Cat. No. 2S101F; IHSS) (5 mg C L−1) according to a pro-

that mb is part of an efficient Cu acquisition strategy employed by

cedure published earlier (Hoffmann et al., 2020). Synthesis was

methanotrophs to overcome the geochemical constraints imposing

carried out in an anaerobic chamber by adding 50 μM CuCl2 and

Cu limitation.

100 μM Na2S·9H2O to a solution containing 10 mM NaCl and 1 mM
3-morpholinopropane-1-sulphonic acid (MOPS) pH-buffer (pH 7.5).

2

|

M ATE R I A L S A N D M E TH O DS

To minimise possible effects from particle aggregation on dissolution kinetics, NPs were synthesised freshly before the start of the
experiments. This ensured that NPs remained <10 nm in diameter

All solutions, unless otherwise specified, were prepared using ultra-

for the duration of the experiment, as evidenced by the extensive

pure water (UPW) (18.2 MΩ cm, TOC < 2 ppb, Milli-Q , Millipore). O2-

characterisation of the CuxS NPs previously reported (Hoffmann

free UPW was prepared by boiling for ~1 h and then purging with N2

et al., 2020). Chemical speciation calculations outlined in Hoffmann

gas for 30 min, except for the preparation of CuxS NPs where UPW

et al. (2020) predict that 100% of the added Cu precipitates with

was not boiled but purged with N2 for at least 2 h whilst stirring.

sulphide, even in the presence of SRFA, and covellite (CuS) was the

All reagents used were analytical grade (Carl Roth, VWR, Sigma-

dominant mineral phase (Hoffmann et al., 2020). Assuming a spheri-

Aldrich) and glassware was presoaked in 1.4 M HNO3 (at least 24 h)

cal shape and based on the mean Feret diameter of the NPs, a spe-

and rinsed with UPW before use. Cellstar® centrifuge tubes were

cific surface area (SSA) of 133 m2 g−1 was estimated for CuxS NPs

used as vessels for most experiments. Experiments were conducted

synthesised using this method.

in the dark to avoid photodegradation of the mb ligand and of NOM.

The well-crystalline CuS was synthesised as previously described
(Tezuka et al., 2007) with minor modifications. Briefly, 0.01 mol of

2.1 | Methanobactin isolation

powdered elemental sulphur (S0) and 0.01 mol of powdered elemental Cu (Cu 0) were ground inside a nitrogen-filled anaerobic chamber (mBRAUN, unilab 7185) using an agate pestle and mortar. The

Cu-free mb was isolated following previously established methods

ground reagents were suspended in 20 ml O2-free UPW in 50 ml

(Kim et al., 2005; Pesch et al., 2011). Briefly, M. trichosporium OB3b

Teflon tubes, sealed in pressure vessels and heated at 180°C for

was incubated at 30°C in a 9 L fermenter containing a nitrate min-

72 h. The precipitate was collected inside the anaerobic chamber and

eral salts (NMS) growth medium (Whittenbury et al., 1970) amended

was washed several times with O2-free UPW before drying under

with 0.2 μM CuCl2. The fermenter was continuously purged with

N2. A natural chalcopyrite (CuFeS2) sample was purchased from Alfa

a mixture of air and CH4 that resulted in an O2:CH4 ratio of 4:1

Aesar. The phase purities of CuS and CuFeS2 were analysed using

(200 ml min−1). After filtration (0.22 μm cellulose filters, Millipore)

powder X-ray diffraction (XRD, PANalytical X-ray diffractometer

and centrifugation, Cu-free mb was isolated from the spent growth

[X'pert pro]). Rietveld refinements showed that the natural chalco-

medium through a resin extraction (Diaion HP-20, Supelco) using

pyrite sample contained ~72% CuFeS2, ~14.5% pyrite (FeS2) and ~7%

60% methanol 40% UPW as a mobile phase. This was followed by

of the phyllosilicate mineral chamosite (Fe2 Al2SiO5) (Figure S1). No

a second purification step using reversed-phase high-pressure liq-

Cu-bearing phases other than CuFeS2 were identified. The SSAs of

uid chromatography (HPLC; Agilent 1260 Infinity bio-inert system)

CuS and CuFeS2 (0.58 and 0.78 m2 g−1, respectively) were determined

whereby ~1.3 ml of crude material was injected into a Polaris 5 μm

using a multipoint N2−BET adsorption method (Quantachrome Nava
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2000). To prevent oxidation, all minerals were stored in a N2 atmo-

dominant phase formed, half of the sulphide is estimated to re-

sphere until use.

main in solution or in the gas phase. We cannot exclude that traces
of elemental sulphur or polysulphide formed. Yet, once formed
they are quite stable and are unlikely to affect Cu mobilisation.

2.3 | Dissolution experiments

Therefore, they were not considered in our experimental interpretations. With the given synthesis protocol, the expected NP sus-

In aquatic systems Cu sulphides are often found as nanoparticles

pension density was 4.5 mg L−1 (±5%) for all pH conditions. Control

(Hofacker et al., 2013; Weber, Voegelin, Kaegi, & Kretzschmar, 2009),

experiments with an equivalent background solution, but without

which can interact with NOM, to which Cu can also be bound (Xue

mb amendment, were also included for comparison. Bottles were

et al., 1996). Therefore, we investigated Cu mobilisation by mb from

sealed with gas-t ight stoppers and were kept on a continuous lat-

CuxS NPs in the presence and absence of NOM. We also investi-

eral shaker (~200 rpm). Periodic sampling involved a coagulation

gated Cu mobilisation by mb from crystalline CuS. To examine po-

step in which 0.5 ml of the Cu x S NP suspension (taken using a

tential inhibitory effects caused by competitive complexation of

gas-t ight syringe) was added to a 4.5 ml CaCl2 solution (1 mM final

Fe, Cu mobilisation from the mineral CuFeS2 was also investigated.

concentration) and shaken/mixed for 2 min. The suspension was

Although concentrations of up to 50 μM mb have been observed in

then filtered (0.22 μm Nylon filters) to separate coagulated NPs

M. trichosporium OB3b laboratory cultures (Semrau et al., 2010), en-

from solution, and an aliquot of the remaining filtrate was acidified

vironmental concentrations are speculated to be as low as 0.5 μM

(1% HNO3) and preserved (4°C) for analysis of the total dissolved

(Pesch et al., 2013). To facilitate quantification of dissolved Cu con-

Cu concentration. The coagulation and filtration method was veri-

centrations approximately 20 μM mb was used in dissolution experi-

fied in previous work as a suitable method for separating NPs from

ments. All the buffers used were selected for their very low affinity

the filtrate (Hoffmann et al., 2020). To examine the effect of pH on

for Cu (Mash et al., 2003; Yu et al., 1997); therefore, they are not

Cu x S NPs dissolution by mb, sub-s ets from the Cu x S NP suspen-

expected to affect Cu solution speciation in our experiments. All

sions were adjusted using buffer solutions adjusted to pH 5 using

experiments were conducted at room temperature (20°C). Buffers

N,N′-diethylpiperazine (DEPP) buffer, pH 6 using 2-(N-m orpholino)

were adjusted to the correct pH before the experiment using either

ethanesulphonic acid (MES) buffer and pH 8.5 using DEPP. The re-

HCl or NaOH. A schematic outline of the dissolution experiments is

sulting concentrations of reactants and electrolytes slightly differ

presented in Figure 1 along with the main findings from the study.

from the experiments at pH 7.5 and are outlined in Table S1. The
speciation of sulphide is pH-d ependent, therefore, the species distribution of Cu-f ree sulphide at equilibrium for all experimental pH

2.4 | CuxS nanoparticles dissolution

conditions was quantified using Henry's law (Table S1). The effect
of pO2 on Cu mobilisation by mb was examined by adjusting the

Aliquots of Cu x S NPs (pH 7.5) in UPW were amended with 19 μM

O2 concentration in the headspace to 0.01 and 0.21 atm. It was

mb in serum bottles under a N2 atmosphere (21 ml solution:

previously demonstrated that Cu x S NPs are highly resistant to oxi-

36 ml N2 headspace). Final total Cu, S and SRFA (where applicable)

dative dissolution under oxic conditions (Hoffmann et al., 2020).

concentrations after amendment with mb were 47.5 μM, 95 μM

However, NOM is ubiquitous in natural systems and it was shown

and 4.75 mg C L−1, respectively. However, because CuS is the

by the same authors that oxidative dissolution in fact does occur

Cu sulphide dissoluon in
presence of methanobacn (mb):

Various sulphide phases and condions
tested:
CuxS nanoparcles (NPs):
pO :
2

- fulvics

+ fulvics

Crystalline bulk phases:

F I G U R E 1 Schematic representation
of the batch dissolution experiments
used to investigate Cu mobilisation by mb
from several Cu sulphide mineral phases
and the conditions under which this was
tested

- mb

+ mb

CuS

CuFeS2

0%

21%

pH 5 – 8.5:

5 6 7

8

Cu mobilisaon from Cu sulphides by mb is pH dependent
mb mobilises Cu from all Cu sulphides tested between pH 7.5 – 8.5 even under oxic condions
mb mobilises more Cu from NPs than well-crystalline phases
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in the presence of SRFA. It is already known that mb efficiently

spectrometry (ICP-MS) (Agilent-7700). Solution pH was monitored

scavenges Cu from NOM complexes (Pesch et al., 2013), rendering

using a pH metre (Orion 3 star, Thermo).

it bioavailable for methanotrophs. Here, we investigated whether
the exudation of mb could afford the additional benefit to further catalyse the dissolution process. Therefore, Cu mobilisation

2.7 | Thermodynamic modelling

from Cu x S NPs by mb under oxic conditions was investigated for
NPs synthesised with SRFA only and supported with equilibrium

Visual MINTEQ Ver. 3.1 was used to predict Cu speciation in the oxic

predictions to determine, whether any increase in dissolved Cu

experimental CuxS NP suspensions. The ‘non-ideal consistent com-

concentration is a result of Cu-m b complex formation. From here

petitive adsorption' (NICA)-Donnan model (Kinniburgh et al., 1996),

on, Cu x S NP suspensions treated with 0.01 atm and 0.21 atm O2

using the generic parameters for Cu and proton binding to fulvic

will be referred to as ‘low O2 ’ and ‘high O2 ’ conditions, respec-

acids (Table S2) (Milne et al., 2003), was included for CuxS NP spe-

tively. To adjust the O2 concentration, immediately after the Cu x S

ciation calculations to account for Cu binding to SRFA. Databases

NPs were amended with mb, a specific volume of N2 gas in the

comp_2008.vdb; thermo.vdb and type6.vdb gaussian.vdb were used

headspace was replaced with pure O2 using a gas-t ight syringe and

for calculations made in Visual MINTEQ. Due to its presence in the

serum bottles treated as they were under anoxic conditions. The

natural mineral CuFeS2, the solubility of Fe(II)-bearing chamosite

supplied amount of O2 in both the 0.01 and 0.21 atm O2 treat-

was investigated using the modelling programme PHREEQC. Fe(II)

ments exceeded the amount required to oxidise all the sulphide

is the only constituent present in chamosite that may interact with

in the reactor (including solid + dissolved + gas phase sulphide) to

mb, therefore, it was only necessary to assess the solubility of Fe.

sulphate, by a factor of 1.85 and 38.65, respectively. The pH was

The MINTEQ v4 database (Parkhurst & Appelo, 2013) supplemented

monitored and remained within ±0.15 units from the set pH value

with the solubility constant for chamosite from the LLNL (Lawrence

throughout all the experiments.

Livermore National Laboratory) database was used. Possible secondary mineral phases following the well-crystalline sulphide phase

2.5 | CuS and CuFeS2 dissolution

oxidation were determined by allowing solutions to equilibrate with
atmospheric pO2 and pCO2 (415 ppm). The influence of pH on the
solubility of secondary phases was also determined and compared

Cu mobilisation from well-crystalline CuS and CuFeS2 by mb was

with data from oxic dissolution experiments. The effect of mb on

examined in batch experiments at pH 6 to 8.5 (in 0.5 pH unit incre-

total dissolved Cu concentrations in equilibrium with secondary

ments) under anoxic conditions in an anaerobic chamber. The pH

phases was also predicted. Input parameters for Visual MINTEQ

was maintained using the pH buffers MES (pH 6 and 6.5), MOPS

and PHREEQC are presented in Tables S3 and S4, respectively.

(pH 7 and 7.5) and piperazine-N ,N′-bis(3-p ropane sulphonic acid)

Databases were complemented with protonation and Cu complexa-

(PIPPS) (pH 8 and 8.5). Duplicate mineral suspensions (2 g L−1 pow-

tion constants for mb (Pesch et al., 2012).

dered mineral) were prepared in a 10 mM NaCl and 10 mM buffer
solution using deoxygenated UPW. An mb ligand dose (20 μM) was
added to the mineral suspensions, and control suspensions without the mb addition were also prepared. Suspensions were shaken
continuously on an end-over-e nd shaker (16 rpm). The effect of
O2 on Cu mobilisation from well-crystalline CuS and CuFeS2 by
mb was examined by exposing mineral suspensions to atmospheric

3
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3.1 | Cu mobilisation from CuxS nanoparticles
Under anoxic conditions at pH 7.5, total dissolved Cu concentrations

pO2 (0.21 atm) immediately after the addition of mb (t = 0). The

in the presence of CuxS NPs reached a maximum of only 1.1 μM

reactors (non-g as-t ight centrifuge tubes) were then capped and

(528 h; 22 d) in absence of mb (Figure 2a). Upon addition of 19 μM

periodically exposed to the atmosphere during sampling. The pH

mb dissolved Cu concentrations increased to 7.0 μM after only 1 h,

was monitored throughout the experiments and remained within

and to a maximum of 12.0 μM after 528 h. While SRFA alone did not

±0.1 pH units from the set pH values. Samples were taken at pre-

increase dissolved Cu concentrations under anoxic conditions, Cu

determined times, filtered through 0.22 μm PVDF membranes,

mobilisation in the presence of mb was fast (Figure 2a).

acidified (1% HNO3) and stored (4°C) until total dissolved metal
concentration analysis.

Under high O2 conditions at pH 7.5, even in the absence of mb,
dissolved Cu concentrations increased rapidly to 9 μM (Figure 2b).
Interestingly, the presence of mb and O2 had an additive effect on

2.6 | Analytics

dissolved Cu concentrations at pH 7.5. The final dissolved Cu concentration for CuxS NPs with SRFA and mb (20.9 μM; Figure 2b) was
approximately equal to the combined final concentration for CuxS

Total dissolved metal concentrations were measured using either in-

NPs with mb but without O2 (11.1 μM; Figure 2a), and CuxS NPs with

ductively coupled plasma optical emission spectrometry (ICP-OES)

O2 but without mb (9.2 μM; Figure 2b). As shown by the equilibrium

(Perkin Elmer Optima 5300-DV) or inductively coupled plasma mass

calculations (Table S3), dissolved Cu concentrations are limited in

|
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F I G U R E 2 Cu mobilisation from
CuxS NPs (10 mM NaCl) in the presence
of Suwannee River fulvic acids (SRFA)
(squares; 5 mg C L−1) and absence of SRFA
(triangles) at pH 7.5 under (a) anoxic
conditions and (b) under oxic conditions
(pO2 = 0.21 atm). Filled symbols show
mb treatments (19 μM mb), and open
symbols show controls (no mb). Error
bars represent the range of duplicate
measurements

(a)

(a) pH 7.5 NPs with and without SRFA - anoxic

695

(b) pH 7.5 NPs with SRFA only - oxic

with Cu(OH)2 (Figure 3) are, at pH 6 for example, up to 3 orders

CuS
Cu(OH)2 + 20 µM mb model

of magnitude higher than those observed experimentally below
pH 7. Therefore, it is likely that dissolved Cu concentrations are

tenorite (CuO) + 20 µM mb model

constrained by a thermodynamically more stable phase, like CuO, or

Cu(OH)2 no mb model

by very slow oxidation kinetics. In the presence of SRFA, predicted

tenorite (CuO) no mb model

total Cu-SRFA concentrations increase to micromolar concentra-

covellite + 20 µM mb
covellite no mb

tions in the presence of O2 (Table S3). Although Cu-SRFA complexes
form in the presence of O2, Cu-mb complexes are still predicted to
dominate the dissolved Cu speciation when mb is present. For example, based on predictions, 19.0 μM of the 26.0 μM dissolved Cu
in equilibrium with crystalline CuO (pH 7.5) is attributed to Cu-mb
complexes (Table S3).

(b)

Cu mobilisation from CuxS NPs was also examined under low

CuFeS2
Cu(OH)2 + 20 µM mb model
tenorite (CuO) + 20 µM mb model
Cu(OH)2 no mb model
tenorite (CuO) no mb model
chalcopyrite + 20 µM mb
chalcopyrite no mb

O2 conditions (Figure S3). SRFA alone had a larger effect on Cu
mobilisation at pH 7.5 under low O2 (0.01 atm) conditions than
under high O2 conditions (Figure S2). Initial Cu mobilisation rates,
i.e. Cu concentrations mobilised after 1 h, under low O2 conditions

(6.2 μM Cu h−1) were more than 6 times those under high O2 conditions (1.0 μM Cu h−1) (Figure S2). Under low O2 conditions in CuxS

NP suspensions with SRFA, the final (528 h only) dissolved Cu concentrations were comparable in the presence and absence of mb.
This result stands in contrast to the results observed under anoxic
conditions and high O2 conditions (Figure 2), where the addition of
mb increased dissolved Cu concentrations by 10.0 μM and 11.7 μM,

F I G U R E 3 Cu concentrations mobilised from well-crystalline (a)
covellite and (b) chalcopyrite after 8 hours under oxic conditions
in the presence and absence of 20 μM mb as a function of pH
(2 g L−1 solids, 10 mM NaCl). The dashed black lines show the
Cu concentration in equilibrium with Cu(OH)2 and tenorite
(CuO) without mb, and the solid and dashed green lines show
the Cu concentration in equilibrium with Cu(OH)2 and tenorite,
respectively, plus 20 μM mb as a function of pH, calculated using
PHREEQC (10 mM NaCl)

respectively, for CuxS NPs with SRFA.
Our results also suggest that the pH influenced the extent of
Cu mobilisation from Cu x S NPs by mb, under both anoxic and low
O2 conditions (Figure S3). Cu x S NP dissolution was particularly
slow at pH 5 and 8.5 in the absence of mb under anoxic conditions, and total dissolved Cu concentrations reached only 1.6 and
0.9 μM at pH 5 and 8.5, respectively, after 168 h (Figure S3a).
Under anoxic conditions dissolved Cu concentrations increased in
presence of mb relative to the corresponding control at all examined pH except pH 5, where dissolved Cu concentrations remained

the presence of O2 by the formation of secondary Cu (hydr)oxide

below 1.7 μM (Figure S3a). Under low O2 conditions, Cu x S NPs

mineral phases like Cu(OH)2 or CuO (tenorite). Although Cu(OH)2 is

dissolved at all examined pH values, but the addition of mb to Cu x S

thermodynamically less stable than CuO and, therefore, expected

NP suspensions only enhanced Cu mobilisation at pH 6 and 8.5

to precipitate first, dissolved Cu concentrations in equilibrium

(Figure S3b). At pH 5, 7.5 and 8.5 in absence of mb, dissolved Cu

696

|

RUSHWORTH et al.

concentrations were higher under low O2 conditions than under

At pH 6, the effect of mb on dissolved Cu concentrations relative

anoxic conditions (Figure S3a,b).

to controls was much greater under anoxic conditions than under
oxic conditions (Figures 5 and 7a, b). Although more Cu was mobi-

3.2 | Effect of pH on Cu (and Fe) mobilisation from
CuS and CuFeS2 under anoxic conditions

lised from CuS than from CuFeS2 under anoxic conditions in absence
of mb, the enhancing effect of mb on dissolved Cu concentrations
was greater for CuFeS2. In CuS suspensions with added mb, final
dissolved Cu concentrations were approximately the same under

The effect of mb on Cu (and Fe) mobilisation from well-crystalline

anoxic conditions (5.5 μM Cu) as they were in the presence of O2

CuS and CuFeS2 was investigated for the pH range 6–8.5. In the ab-

(5.3 μM Cu). For CuFeS2, though, dissolved Cu concentrations

sence of mb, dissolved Cu concentrations were <1.1 μM in CuFeS2

reached 8.5 μM under oxic conditions in the presence of mb, as op-

suspensions at all pH values (Figure 4), but in CuS suspensions, they

posed to 4.5 μM under anoxic conditions (Figure 7b).

were larger at some pH values (pH 6–7; Figure 4), with a maximum

The addition of mb had a significantly greater effect on Cu mo-

concentration at pH 6 (3.4 μM; Figure 4a). Although dissolved Cu

bilisation in the presence of O2 at pH 7.5 than at pH 6 (Figure 7c, d).

concentrations in CuS suspensions initially increased in absence of

Final dissolved Cu concentrations increased by 2 μM for CuS and

mb at higher pH values (Figure 4), they decreased to <0.6 μM after

4 μM for CuFeS2 in presence of mb relative to controls at pH 7.5

8 h. Above pH 7, final dissolved Cu concentrations below 1.0 μM

(Figure 5). In similarity to pH 6, mb had a greater effect on final

were observed for both minerals.

dissolved Cu concentrations, relative to the controls, under an-

At most pH values, for both CuS and CuFeS2 , the addition of

oxic conditions (4.0 μM Cu) than under oxic conditions (2.0 μM) for

mb increased Cu mobilisation relative to controls (Figures 4 and

CuS at pH 7.5 (Figure 5). For CuFeS2 at pH 7.5, however, mb had

5). The highest dissolved Cu concentrations were observed after

the greatest effect on dissolved Cu concentrations relative to con-

8 h in the presence of mb at pH 6 (5.5 and 4.5 μM for CuS and

trols under oxic conditions (4.0 μM), not under anoxic conditions

CuFeS2 , respectively; Figure 4a). The lowest final dissolved Cu

(1.6 μM) (Figure 5). In the presence of O2 , the enhancing effect of

concentrations (8 h) in presence of mb were observed at pH 7 for

mb on mobilised Cu concentrations was smaller at the lower end

CuS (2.6 μM) and at pH 7.5 for CuFeS2 (1.6 μM) (Figure 4c, d). The

of the examined pH range (pH 6) than at the higher end (pH 8.5)

enhancing effect of mb on the Cu concentration, i.e. the differ-

for both minerals (Figure 5).

ence in final dissolved Cu concentrations between corresponding

Fe mobilisation was also monitored during CuFeS2 dissolution

mb and control treatments, was influenced not only by pH but also

under oxic conditions (Figures 8 and S6). While a contribution from

by the mineral type (Figure 5). For CuFeS2 , mb had the greatest en-

nanoparticulate Fe(hydr)oxide minerals to dissolved Fe concentra-

hancing effect on Cu mobilisation at pH 6–7 whereas for CuS mb

tions cannot be excluded, any contributions are expected to be min-

was most effective for Cu mobilisation at pH 7.5–8 .5 (Figures 4a–c

imal, and, dissolved Fe concentrations in absence of mb were much

and 5). For CuFeS2 the effect was largest at pH 6 (4.2 μM) and for

lower under oxic conditions than anoxic conditions. Methanobactin

CuS at pH 8 (4.2 μM).

increased dissolved Fe concentrations significantly under oxic con-

Dissolved Fe concentrations increased over time in CuFeS2

ditions at most pH values, whereas it had little effect under anoxic

suspensions, except at pH 8.5 (Figure 6). Also, dissolved Fe con-

conditions (Figures 8 and S6). While the addition of mb did not in-

centrations decreased with increasing pH between pH 6–7.5 in the

crease dissolved Cu concentrations much relative to controls at pH 6

absence of mb (Figure 6a–d). The addition of 20 μM mb had no sig-

in the presence of O2, final dissolved Fe concentrations increased by

nificant effect on dissolved Fe concentrations relative to controls

15 μM (Figure 5b). In the presence of mb under oxic conditions, the

(absence of mb), except at pH 7.5 and pH 8 (Figure 6 and Table S5).

sum of the final dissolved Cu and Fe concentrations mobilised from

The increase in dissolved Fe concentration between the first time

CuFeS2 at pH 6 exceeded the added mb concentration. However,

point (10 min) and the last (8 h) was smaller at higher pH values (i.e.

subtracting the Cu and Fe concentrations mobilised in the corre-

pH 7.5–8.5). The highest dissolved Fe concentration (15.8 μM; at 8 h)

sponding controls renders the sum of final dissolved Cu and Fe con-

was observed at pH 6 in the presence of mb; the lowest (2.8 μM;

centrations mobilised from CuFeS2 in presence of mb less than the

at 8 h) at pH 7.5 in absence of mb (Figure 6). The sum of Cu and Fe

added mb concentration (Figure 5b). At pH 7.5 under oxic conditions,

concentrations mobilised from CuFeS2 in presence of mb minus the

the sum of the final dissolved Cu and Fe concentrations in presence

sum of Cu and Fe concentrations in absence of mb (Figure 5) did not

of mb was approximately the same as the added mb concentration.

exceed the added mb concentration at any pH.

Initial Fe mobilisation rates in the presence of mb were much larger
under oxic conditions than anoxic conditions. Fe concentrations mo-

3.3 | Effect of oxygen on Cu (and Fe) mobilisation
from CuS and CuFeS2

bilised by mb were also influenced by pH. That is, in both the presence and absence of O2, Fe concentrations mobilised in presence
of mb were highest under mildly acidic conditions (pH 6 and 6.5;
Figures 5 and 8 and S6). For example, initial dissolved Fe concentra-

The effect of O2 on Cu mobilisation from CuS and CuFeS2 by mb

tions in presence of mb were 22.6 μM at pH 6 and 14.9 μM at pH 7.5

was investigated for the pH range 6–8.5 (Figures 5b, 7, S4 and S5).

under oxic conditions (Figure 8).

|

RUSHWORTH et al.

F I G U R E 4 Cu mobilisation from
covellite (triangles) and chalcopyrite
(squares) (both 2 g L−1, 10 mM NaCl) under
anoxic conditions at (a) pH 6 (10 mM MES
buffer), (b) 6.5 (10 mM MES buffer), (c)
pH 7 (10 mM MOPS buffer), (d) pH 7.5
(10 mM MOPS buffer), (e) pH 8 (10 mM
PIPPS buffer) and (f) pH 8.5 (10 mM PIPPS
buffer). Filled symbols show mb treatment
(20 μM mb), and open symbols show
controls (no mb). Error bars represent the
range of duplicate measurements (except
at pH 7 CuS mb; n = 4)

(b) pH 6.5 anoxic

(a) pH 6 anoxic
CuS mb

CuS mb

CuFeS2 mb

CuFeS2 mb

CuS no mb

CuS no mb

CuFeS2 no mb

CuFeS2 no mb

(c) pH 7 anoxic

(d) pH 7.5 anoxic

CuS mb

CuS mb

CuFeS2 mb

CuFeS2 mb

CuS no mb

CuS no mb

CuFeS2 no mb

CuFeS2 no mb

(e) pH 8 anoxic

4
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(f) pH 8.5 anoxic

CuS mb

CuS mb

CuFeS2 mb

CuFeS2 mb

CuS no mb

CuS no mb

CuFeS2 no mb

CuFeS2 no mb

DISCUSSION

4.1 | CuxS nanoparticle solubility in the presence
of mb
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bioavailability of Cu. Dissolved Cu concentrations under anoxic
conditions also remained limited in CuxS NP suspensions with SRFA
(Figure 2a). Although SRFA can form complexes with Cu (Averett
et al., 1994; Cabaniss & Shuman, 1988), the results presented here
indicate that SRFA cannot substantially increase the dissolved Cu

CuxS NPs are found to persist under reducing conditions in both

pool in the presence of sulphides. Based on this, we suggest that

laboratory (Hoffmann et al., 2020; Kent & Vikesland, 2016) and

the majority of Cu is likely to remain in the solid phase in sulphidic

field studies (Weber, Voegelin, Kaegi, & Kretzschmar, 2009;

environments independent of the availability of NOM. In microbial

Weber, Voegelin, & Kretzschmar, 2009). CuxS NPs, in absence of

Cu acquisition strategies based on exudation of ligands like mb, the

any mobilising/complexing agent, therefore, are likely to limit the

ligands must compete with sulphides for binding Cu in environments
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(a) anoxic condions

Cu
(CuFeS2)

Cu
(CuS)

pH 6

pH 6.5

pH 7

pH 7.5

pH 8

pH 8.5

F I G U R E 5 Final (8 h) Cu (green)
and Fe (orange) concentrations (μM)
in the presence of mb minus the
control without mb in CuS and CuFeS2
dissolution experiments under (a) anoxic
conditions and (b) oxic conditions
from pH 6 to pH 8.5 (colour gradient
increases with increasing pH). The data
shown correspond to those presented
in Figures 3, 6, S4 and S5 for Cu and
Figures 5, 7 and S6 for Fe. Error bars
represent the range of duplicate
measurements

Fe
(CuFeS2)

(b) oxic condions
pH 6

pH 6.5

pH 7

pH 7.5

pH 8

pH 8.5

Cu
(CuS)

Cu
(CuFeS2)

Fe
(CuFeS2)

where sulphides influence Cu speciation. Enhanced Cu mobilisation

excess soluble sulphide used in the preparations of elemental sulphur

from CuxS NPs by mb at pH 6, 7.5 and 8.5 under anoxic conditions

(S0) (Li et al., 2017). Another possible reason could be that CuxS NP

demonstrates that mb is an effective competing ligand for Cu that

dissolution is simply kinetically inhibited. At any rate, aerobic metha-

could help MOB to overcome Cu limitation at circumneutral pH in

notrophs reside at oxic-anoxic interfaces where O2 concentrations are

such environments (Figure 2a and S3a).

low, often orders of magnitude lower than our lowest examined pO2

During complete oxidation of Cu sulphide, sulphide is oxidised to

(Blees, Niemann, Wenk, Zopfi, Schubert, Jenzer, et al., 2014a; Blees,

sulphate (SO2−
) and Cu2+ ions are released into the solution, as in the
4

Niemann, Wenk, Zopfi, Schubert, Kirf, et al., 2014b). The exudation

following equation for the oxidative dissolution of CuS:

of mb by methanotrophs may be particularly important at these in-

CuS + 2O2 → Cu2+ + SO2−
4

(1)

terfaces where the oxidative dissolution of CuxS NPs traversing from
sulphidic zones is likely to be extremely slow.
It has been shown that CuxS NPs are stable in absence of SRFA

Dissolved Cu concentrations in CuxS NP suspensions at pH 7.5 in ab-

and under oxic conditions (Hoffmann et al., 2020). Increased dis-

sence of mb and SRFA were low in the presence of oxygen (Figure S2a).

solved Cu concentrations in CuxS NP suspensions with SRFA, and

This is consistent with the observation of CuxS NPs in oxic freshwater

without mb under oxic conditions, compared with anoxic condi-

environments (Rozan et al., 1999; Rozan et al., 2000). One reason for

tions (Figure 2), suggests that oxidation of CuxS NPs can lead to

their persistence in the presence of O2 could be passivation of the min-

complexation of Cu by SRFA. Additionally, the formation of Cu-

eral surface caused by oxidation of surface sulphur (S) species or of

SRFA complexes is implied because the dissolved Cu concentration
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exceeds the predicted dissolved Cu concentration in equilibrium

mb, thus limiting CuxS NP dissolution. Several studies show that the

with Cu(OH)2 (Figure 3). Even though SRFA increases dissolved Cu

point of zero charge for Cu sulphides lies between pH 1–4 (Bebie

concentrations, its impact on the bioavailability of Cu may be differ-

et al., 1998; Liu & Huang, 1992; Yin et al., 2019). Therefore, NPs are

ent from that of mb. One study found that some ligands, e.g. EDTA,

expected to be negatively charged under all pH conditions of this

greatly limited cell-associated Cu concentrations in M. trichosporium

study, which would diminish the adsorption of mb due to electro-

OB3b cultures (Morton et al., 2000). In another study, Cu accumu-

static repulsion. A reduction in the surface charge could also lead to

lation in Methylomicrobium albus BG8 cells was correlated with the

coagulation of CuxS NPs, effectively reducing the surface area from

free Cu2+ concentration in the growth media, not with total Cu con-

which mb is able to mobilise Cu. Our results show that the effec-

centrations, which was dominated by Cu-EDTA complexes (Berson &

tiveness of mb on CuxS NP dissolution is pH-dependent and mb is

Lidstrom, 1996). Both studies suggest that by no means all dissolved

most effective for Cu mobilisation from these Cu sulphides between

Cu in organic complexes is necessarily bioavailable. However, mb

pH 6–8.5.

is speculated to serve several roles in methanotrophic Cu homeostasis, e.g. as an intracellular chaperone that assists in utilising Cu
bound to Cu storage proteins (DiSpirito et al., 2016), and is taken
up by specific transporters (Gu et al., 2016), making it a key compo-

4.2 | Effects of pH on well-crystalline Cu
sulphide solubility

nent for methanotrophic Cu acquisition. Previous work in this context has shown that mb can chelate Cu from NOM complexes (Pesch

Well-crystalline Cu sulphide solubility was strongly influenced by

et al., 2013). Hence, Cu mobilisation by mb, but also SRFA under

pH. Experimentally, dissolved Cu concentrations in CuS suspensions

certain conditions (Figure 2b), may both contribute to an increased

in absence of mb decreased with increasing pH between pH 6–8

Cu bioavailability to methanotrophs in the presence of CuxS NPs.

(Figure 4). Higher dissolved Cu concentrations than would be ex-

Dissolved Cu concentrations in CuxS NP suspensions with O2

pected in equilibrium with crystalline CuS were observed between

varied among the pH values tested (Figure S3). Thermodynamic cal-

pH 6–7. This could be due to partial dissolution of (less crystalline)

culations predict that the limited dissolution of CuxS NPs in absence

CuS domains with a higher solubility that were not removed in the

of mb at pH 7.5 and at pH 8.5 (Figure S3b), in presence of O2 is due

washing step following mineral synthesis. Ma et al. (2014) also ob-

to the formation of Cu(hydr)oxide phases (Table S3). While CuxS NPs

served dissolved Cu concentrations in excess of those predicted

are predicted to dissolve fully at pH 5 and 6 (Table S3), in absence of

for crystalline CuS during Cu sulphide nanoparticle dissolution (Ma

mb dissolution was slow under low O2 conditions and dissolved Cu

et al., 2014). They ascribed this to the formation of CuS nanoclusters

concentrations were <0.8 μM until 8 h (Figure S3b).

that passed through filters thus contributing to the dissolved frac-

At all pH values tested, all of the added mb is predicted to be

tion. While CuFeS2 exhibited low Cu dissolution across the entire

present as Cu-mb complexes under oxic conditions (Table S3), sug-

pH range investigated, both minerals exhibited low solubility above

gesting that mb can effectively compete with NOM constituents,

pH 7 under anoxic conditions (Figure 4), much like CuxS NPs. While

like the fulvic acids used in our experiments, to bind Cu. Previous

the solubility of Cu sulphides differs between mineral phases, lim-

work by Pesch et al. (2013) demonstrated that mb can compete for

ited dissolution above pH 7 under anoxic conditions appears to be

Cu in the presence of humic acids through fast ligand exchange reac-

ubiquitous across sulphide minerals investigated in this study.

tions, even when the binding capacity of humic acids exceeded that

The presence of mb seems to increase the solubility of Cu sul-

of mb (Pesch et al., 2013). At pH 5 and 6, CuxS NPs are predicted to

phide minerals, and increase total dissolved Cu concentrations, but

dissolve completely. A higher concentration of Cu is predicted to be

the effectiveness of mb in this regard is, again, pH-dependent. In

complexed by mb than the added mb concentration (Table S3) due

CuFeS2 suspensions, mb increased dissolved Cu concentrations

to mb's capability to complex two Cu atoms under high dissolved

the most between pH 6–7 where the solubility of CuFeS2 was low

Cu concentrations (Pesch et al., 2012). Over the examined time pe-

and dissolved Cu concentrations did not exceed 0.9 μM (Figure 4).

riod, dissolved Cu concentrations mobilised in NP suspensions dif-

Dissolved Cu concentrations were particularly low above pH 7 in

fer when compared to the predicted dissolved Cu concentrations,

CuS suspensions in absence of mb. Incidentally, this is also where

probably because dissolved Cu concentrations have not reached

mb had the greatest effect on Cu mobilisation from CuS (Figure 4).

equilibrium yet (Figure S3b), though equilibrium conditions are not

Methanobactin increased dissolved Cu concentrations in the pres-

a prerequisite for Cu acquisition. Adsorption processes could also

ence of Cu sulphide phases that have low solubility, particularly at

play a role. At pH 5, for example, dissolved Cu concentrations did not

pH values where Cu sulphide dissolution is otherwise inhibited. This

increase under anoxic conditions in the presence of mb, possibly for

observation supports the notion that the exudation of mb by meth-

a couple of reasons (Figure S3a). Firstly, the efficacy for Cu-mb com-

anotrophs is necessary at circumneutral pH to increase the kinetics

plex formation is pH-dependent and mb binds more Cu with increas-

of Cu sulphide dissolution.

ing pH, although the effect should be rather weak between pH 5 and

In our dissolution experiments with CuFeS2 in absence of mb,

8 (Pesch et al., 2012). Secondly, changes in the surface charge of the

dissolved Fe concentrations (Figure 6) were higher than dissolved

NPs and the overall charge of the Cu-free mb ligand as a function

Cu concentrations (Figure 4), whereas stoichiometric CuFeS2 disso-

of pH may result in repulsive forces between CuxS NPs and Cu-free

lution would lead to equal concentrations. As previously mentioned,
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(a) pH 6 anoxic
CuFeS2 mb

CuFeS2 mb

CuFeS2 no mb

CuFeS2 no mb

(c) pH 7 anoxic

(d) pH 7.5 anoxic

CuFeS2 mb

CuFeS2 mb

CuFeS2 no mb

CuFeS2 no mb

(e) pH 8 anoxic
CuFeS2 mb
CuFeS2 no mb

F I G U R E 6 Fe mobilisation from
chalcopyrite (2 g L−1, 10 mM NaCl) under
anoxic conditions at (a) pH 6 (10 mM MES
buffer), (b) 6.5 (10 mM MES buffer), (c)
pH 7 (10 mM MOPS buffer), (d) pH 7.5
(10 mM MOPS buffer), (e) pH 8 (10 mM
PIPPS buffer) and (f) pH 8.5 (10 mM
PIPPS buffer). Filled symbols show
mb treatments (20 μM mb), and open
symbols show controls (no mb). Error
bars represent the range of duplicate
measurements

(b) pH 6.5 anoxic

(f) pH 8.5 anoxic
CuFeS2 mb
CuFeS2 no mb

XRD analysis indicated that our natural CuFeS2 sample consisted of

of mb. It is important, therefore, to consider whether the presence

~7% chamosite, an Fe(II) silicate mineral. Final dissolved Fe concen-

of dissolved Fe competes with Cu for mb, reducing the amount of mb

trations in CuFeS2 suspensions were compared with predicted Fe

available to form complexes with Cu.

concentrations in equilibrium with chamosite (Figure S7). Predicted

Cu is complexed to mb in a tetrahedral geometry via two nitro-

dissolved Fe concentrations in equilibrium with chamosite are close

gen (N) and two S moieties (Kim et al., 2004), functional groups ideal

to those observed in dissolution experiments. Therefore, dissolved

for binding soft and borderline metal ions like Cu(I) and Cu(II), as de-

Fe concentrations in CuFeS2 suspensions under anoxic conditions

scribed by the hard and soft acid and base (HSAB) theory (see, e.g.

possibly result, to a large extent, from chamosite dissolution. Metal

Kraemer et al., 2015). Biogenic ligands are rarely specific to one metal

ions other than Cu, such as Fe(II), likely compete for the complexation

(Kraemer et al., 2015; Schenkeveld, Oburger, et al., 2014; Schenkeveld,
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Schindlegger, et al., 2014) and mb is no exception in this regard (Choi,

701

slow oxidation kinetics of Cu sulphide minerals. Above pH 7, low

Do, et al., 2006; McCabe et al., 2017). Previous work suggested that

dissolved Cu concentrations in absence of mb (Figure 3) may be

mb can form complexes with Fe(III) (Choi, Do, et al., 2006). But, HSAB

due to precipitation of a secondary Cu (hydr)oxide phase passi-

theory predicts that mb is more likely to form complexes with Fe(II),

vating the mineral surface (Figure 3). Thermodynamic calculations

which, based on its charge-to-radius ratio, is considered a borderline

corroborate the experimental results, predicting that dissolved

Lewis acid according to HSAB theory (Pearson, 1963). There are mul-

Cu concentrations will increase in the presence of mb (Figure 3).

tiple other functional groups in mb, like phenolates and carboxylates,

The model predicts higher dissolved Cu concentrations than those

which could also be involved in binding Fe(II) (Behling et al., 2008;

observed experimentally suggesting that the experimental system

El Ghazouani et al., 2011; Kim et al., 2004). To investigate whether

has not reached equilibrium conditions.

mb interacts with Fe under our experimental conditions the UV–vis

The addition of mb to Cu sulphide suspensions increased dis-

absorption spectra of mb were investigated in the presence of Fe(II)

solved Cu concentrations under pH conditions where Cu (hydr)

and Fe(III) (Figure S8 and S9, respectively). Changes in the spectra

oxides form (Figure 3). Yet, even without mb, the growth of MOB

were observed upon the addition of Fe(II) only (Figure S8) indicating

may be possible under these conditions. More precisely, predicted

interactions between Fe(II) and mb.

dissolved Cu concentrations in equilibrium with Cu (hydr)oxides

Under anoxic conditions, interactions between Fe and mb

are not lower than ~0.1 μM over the examined pH range (Figure 3),

may be the cause of increased Fe mobilisation at pH 7.5 and pH 8

and based on previous laboratory investigations, growth of M.

(Figure 6). The effect of mb on dissolved Fe concentrations in the

trichosporium OB3b cells can happen in cultures containing only

presence of O2 (Figure 8 and S6), which is discussed later, is even

30 nM dissolved Cu (Semrau et al., 2010). Under these low Cu

larger. In the context of Fe nutrition, competition between Fe and

concentrations, however, the bacteria ceased to express pMMO,

Cu for complexation by biogenic and synthetic chelating ligands has

and concomitantly increased their expression of the Fe-b earing

been extensively studied (Schenkeveld et al., 2012; Schenkeveld

sMMO. The Cu-b earing pMMO was only expressed again when

et al., 2015; Schenkeveld, Oburger, et al., 2014; Schenkeveld,

dissolved Cu concentrations in the growth medium reached at

Schindlegger, et al., 2014). Fe limitation, however, typically occurs

least 0.7 μM (Semrau et al., 2010). Therefore, low available Cu con-

under oxic conditions, in which Fe(III) is the dominant redox state;

centrations could reduce the efficacy of aerobic CH 4 oxidation by

Fe(III) displacement from the chelate complex by Cu can compro-

inhibiting the expression of pMMO. Subsequently, the exudation

mise the effectiveness of Fe acquisition strategies. Despite possible

of mb may be necessary to increase dissolved Cu concentrations

interactions between Fe(II) and mb, dissolved Cu concentrations in-

where Cu sulphide oxidation is slow and to enhance the solubil-

creased in the presence of mb (Figure 4), even when dissolved Fe

ity of Cu (hydr)oxide phases. The efficacy of Cu mobilisation by

concentrations were increasing (Figure 6). Our results show that Cu

mb from CuS and CuFeS2 in the presence of O2 is, however, pH-

mobilisation by mb is still efficient even in the presence of poten-

dependent. Our results show that mb enhanced Cu mobilisation

tially competing metals like Fe (Figure 4).

most effectively between pH 7–8 .5 where dissolved Cu concentrations are limited in oxic systems.

4.3 | Cu (hydr)oxide formation and Cu availability

In absence of mb, dissolved Fe concentrations were low under
oxic conditions, which is most likely due to Fe (hydr)oxide formation (Figures 8 and S6). Upon addition of mb, dissolved Fe con-

Following complete oxidation of Cu sulphides, Cu2+ ions are re-

centrations increased (Figures 8 and S6). As previously discussed,

leased into solution (Equation 1), which may form Cu (hydr)oxide

changes in the UV–v is absorption spectra of mb in the presence of

phases depending on the solution pH. Aside from Cu (hydr)oxide

Fe(II) indicate an interaction between Fe(II) and mb. It is difficult to

phases (Todd & Sherman, 2003), oxidation of Cu sulphides may re-

discern from our experimental data whether increased dissolved

sult in products with intermediate oxidation states like S 0 and hy-

Fe concentrations inhibit Cu mobilisation by mb. Under anoxic

drophobic polysulphides (Acres et al., 2010; Li et al., 2017), and Fe

conditions mb had little effect on mobilised Fe concentrations and

(hydr)oxides in the case of CuFeS2 . Cu (hydr)oxides are least soluble

the sum of dissolved Cu and Fe mobilised from CuFeS2 did not ex-

between pH 8.5–11 (Cuppett et al., 2006). This is consistent with

ceed the added mb concentration. Under oxic conditions the sum

thermodynamic calculations predicting decreasing dissolved Cu

of final dissolved Cu and Fe concentrations mobilised from CuFeS2

concentrations in equilibrium with Cu (hydr)oxides with increasing

did exceed the added mb concentration, but the sum of the differ-

pH, at least over the examined pH range. Dissolved Cu concentra-

ence in final Fe and Cu concentrations between the mb treatment

tions in CuS and CuFeS2 suspensions under oxic conditions were

and the control, respectively, was less than the added mb concen-

compared with the predicted concentrations in equilibrium with

tration (20 μM). At pH 6, in the presence of O2 , final dissolved Fe

Cu (hydr)oxide phases, in the presence and absence of mb, and as

concentrations increased considerably and accounted for ~3/4 of

a function of pH (Figure 3). The difference between experimental

the added mb concentration (Figure 8); however, the effect of mb

dissolved Cu concentrations and model predictions at lower pH

on dissolved Cu concentrations mobilised from CuFeS2 was negli-

values (Figure 3) could be a result of the rather short reaction time

gible (Figure 7). While it is possible that interactions between mb

(8 h), i.e. equilibrium conditions were not reached because of the

and Fe could inhibit Cu mobilisation from CuFeS2 by mb, the sum
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F I G U R E 7 Cu mobilisation from
covellite (a and c) and chalcopyrite (b and
d) (both 2 g L−1, 10 mM NaCl) under oxic
conditions (squares; pO2 = 0.21 atm) and
under anoxic conditions (triangles) at pH 6
(left; 10 mM MES buffer) and pH 7.5 (right;
10 mM MOPS buffer). Filled symbols show
mb treatments (20 μM mb), and open
symbols show controls (no mb). Error
bars represent the range of duplicate
measurements. Anoxic data are the same
as data shown in Figure 3

(b) pH 6 CuFeS2

(d) pH 7.5 CuFeS2

F I G U R E 8 Fe mobilisation from
CuFeS2 (2 g L−1, 10 mM NaCl) under oxic
conditions (squares; pO2 = 0.21 atm) and
under anoxic conditions (triangles) at pH 6
(left; 10 mM MES buffer) and pH 7.5 (right;
10 mM MOPS buffer). Filled symbols show
mb treatments (20 μM mb), and open
symbols show controls (no mb). Error
bars represent the range of duplicate
measurements. Anoxic data are the same
as data shown in Figure 5

(b) pH 7.5 CuFeS2

of the difference in Fe and Cu concentrations (Figures 7 and 8)

5

|

CO N C LU S I O N S

between treatments was only ~15 μM, indicating that some of the
added mb may still be present as free mb. Despite increased dis-

By combining dissolution experiments with chemical equilibrium

solved Fe concentrations in the presence of mb and O2 , dissolved

modelling, we have shown that mb is effectively increasing the

Cu concentrations mobilised from CuFeS2 also increased between

dissolved Cu concentrations in the presence of a variety of Cu sul-

pH 6.5–8 .5. Still, exudation of mb in oxic environments, where

phide phases that may potentially limit Cu bioavailability in envi-

CuFeS2 is the dominant Cu source, may not be a prerequisite for

ronmental systems over time scales relevant for methanotrophic

Cu acquisition under slightly acidic pH conditions where dissolved

chalkophore exudation and subsequent Cu-uptake. In dissolution

Cu concentrations are high irrespective of mb.

experiments, the reactivity of mb towards Cu differed, depending

|
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on the Cu sulphide mineral phase tested. However, a reconciling

DATA AVA I L A B I L I T Y S TAT E M E N T

observation for all Cu sulphide mineral phases was that mb consist-

The data that support the findings of this study are available in the

ently promoted Cu mobilisation between pH 7.5–8 .5, also under

supplementary material of this article.

oxic conditions where Cu (hydr)oxides can precipitate as a result of
Cu sulphide oxidation (and can thus constrain Cu bioavailability).

ORCID

The presence of mb enhances dissolved Cu concentrations most

Danielle D. Rushworth

significantly for nanoparticulate Cu sulphide phases, which, in the

Walter D. C. Schenkeveld

absence of mb, exhibit high stability, even in the presence of O2 .

org/0000-0002-1531-0939

https://orcid.org/0000-0003-2518-315X
https://orcid.

Using thermodynamic calculations, we have demonstrated which
secondary mineral phases may constrain dissolved Cu concentra-

REFERENCES

tions following sulphide oxidation and quantified the speciation of

Acres, R. G., Harmer, S. L., & Beattie, D. A. (2010). Synchrotron XPS studies of solution exposed chalcopyrite, bornite, and heterogeneous
chalcopyrite with bornite. International Journal of Mineral Processing,
94(1), 43–51. https://doi.org/10.1016/j.minpro.2009.11.006
Averett, R. C., Leenheer, J. A., McKnight, D. M., & Thorn, K. A. (1994).
Humic substances in the Suwannee River, Georgia: Interactions, properties, and proposed structures. https://pubs.er.usgs.gov/public atio
n/wsp2373.
Bebie, J., Schoonen, M. A. A., Fuhrmann, M., & Strongin, D. R. (1998).
Surface charge development on transition metal sulfides: An
Electrokinetic study. Geochimica et Cosmochimica Acta, 62(4), 633–
642. https://doi.org/10.1016/S0016-7037(98)00058-1
Behling, L. A., Hartsel, S. C., Lewis, D. E., DiSpirito, A. A., Choi, D. W.,
Masterson, L. R., Veglia, G., & Gallagher, W. H. (2008). NMR, mass
spectrometry and chemical evidence reveal a different chemical
structure for methanobactin that contains oxazolone rings. Journal
of the American Chemical Society, 130(38), 12604. https://doi.
org/10.1021/ja804747d
Berson, O., & Lidstrom, M. E. (1996). Study of copper accumulation by the
type I methanotroph Methylomicrobium albus BG8. Environmental
Science & Technology, 30(3), 802–8 09. https://doi.org/10.1021/
es950212+
Blees, J., Niemann, H., Wenk, C. B., Zopfi, J., Schubert, C. J., Jenzer, J.
S., & Lehmann, M. F. (2014a). Bacterial methanotrophs drive the
formation of a seasonal anoxic benthic nepheloid layer in an alpine
lake. Limnology and Oceanography, 59(4), 1410–1420. https://doi.
org/10.4319/lo.2014.59.4.1410
Blees, J., Niemann, H., Wenk, C. B., Zopfi, J., Schubert, C. J., Kirf, M. K.,
Veronesi, M. L., & Lehmann, M. F. (2014b). Micro-aerobic bacterial methane oxidation in the chemocline and anoxic water column of deep south-alpine Lake Lugano (Switzerland). Limnology
and Oceanography, 59(2), 311–324. https://doi.org/10.4319/
lo.2014.59.2.0311
Cabaniss, S. E., & Shuman, M. S. (1988). Copper binding by dissolved organic matter: I. Suwannee River fulvic acid equilibria.
Geochimica et Cosmochimica Acta, 52(1), 185–193. https://doi.
org/10.1016/0016-7037(88)90066-X
Choi, D. W., Do, Y. S., Zea, C. J., McEllistrem, M. T., Lee, S. W., Semrau,
J. D., Pohl, N. L., Kisting, C. J., Scardino, L. L., Hartsel, S. C., Boyd,
E. S., Geesey, G. G., Riedel, T. P., Shafe, P. H., Kranski, K. A.,
Tritsch, J. R., Antholine, W. E., & DiSpirito, A. A. (2006). Spectral
and thermodynamic properties of ag(I), au(III), cd(II), co(II), Fe(III),
hg(II), Mn(II), Ni(II), pb(II), U(IV), and Zn(II) binding by methanobactin from Methylosinus trichosporium OB3b. Journal of Inorganic
Biochemistry, 100(12), 2150–2161 https://doi.org/10.1016/j.jinor
gbio.2006.08.017
Choi, D. W., Zea, C. J., Do, Y. S., Semrau, J. D., Antholine, W. E.,
Hargrove, M. S., Pohl, N. L., Boyd, E. S., Geesey, G. G., Hartsel,
S. C., Shafe, P. H., McEllistrem, M. T., Kisting, C. J., Campbell, D.,
Rao, V., de la More, A. M., & DiSpirito, A. A. (2006). Spectral,
kinetic, and thermodynamic properties of cu(I) and cu(II) binding by methanobactin from Methylosinus trichosporium OB3b.

Cu in the presence of mb, sulphides and SRFA. As Cu is an essential
nutrient for several microbes, the implications of mb overcoming
geochemical constraints to microbial Cu acquisition goes beyond
a better understanding of Cu acquisition by methanotrophs. The
effects of Cu limitation to growth have been observed in several
microbial species: from the terrestrial archaeon Nitrosospheara viennensis (Reyes, Hodgskiss, Baars, et al., 2020), to the marine diatom Thalassiosira oceanica (Sunda & Huntsman, 1995). While there
are multiple cell-associated mechanisms through which microbes
acquire Cu (Reyes, Hodgskiss, Kerou, et al., 2020), the exudation
of ligands such as mb allows methanotrophs to increase Cu availability amidst an array of geochemical constraints. Additionally,
mb may provide methanotrophs with a competitive edge in the
presence of microbes that cannot exude chalkophores and/or are
lacking the relevant membrane transporters. Our experimental results clearly demonstrate that mb mobilises Cu in the presence of
sulphide, providing a pathway for methanotrophs to acquire Cu
for enhanced methane oxidation resulting in reduced emissions
and mitigating its impact on global warming. It remains unclear,
whether the capacity of methanotrophs to produce mb and acquire Cu was possibly developed, driven by evolutionary pressure,
as a biochemical strategy to overcome Cu limitation in oxic-anoxic
transitions zones of lakes, for example, where Cu is generally limited, and competition for CH 4 between MOx and anaerobic methane oxidation is most likely to occur. Obviously, the efficiency of
Cu acquisition has important implications for the mitigation of
methane emissions from aquatic systems.
AC K N OW L E D G M E N T S
The authors would like to thank Dr. Simon K.-M.R. Rittmann and Dr.
Carolina Reyes for support in MOB cultivation and Herwig Lentiz,
Barbara Reischl and Kurt Barmettler for technical support. We thank
Wolfgang Polleros and Jenny Hofbauer for experimental assistance,
Andreas Maier for assistance with dissolved organic carbon measurements, Dr. Vesna Micic Batka for assistance with BET analysis,
and Dr. Susanne Gier and Dr. Christian L. Lengauer for assistance
with XRD measurements. This study was supported by the Austrian
Science Fund (FWF project 12256-N29), the Short-term Grants
Abroad provided by the University of Vienna and the Marietta-Blau
Grant from Austria's Agency for Education and Internationalisation
(OeAD).

704

|

Biochemistry, 45(5), 1442–1453. https://doi.org/10.1021/bi051
815t
Cowper, M., & Rickard, D. (1989). Mechanism of chalcopyrite formation from iron monosulphides in aqueous solutions (< 100°C,
pH 2–4.5). Chemical Geology, 78(3), 325–3 41. https://doi.
org/10.1016/0009-2541(89)90067-3
Cuppett, J. D., Duncan, S. E., & Dietrich, A. M. (2006). Evaluation of copper speciation and water quality factors that affect aqueous copper tasting response. Chemical Senses, 31(7), 689–697. https://doi.
org/10.1093/chemse/bjl010
Deonarine, A., & Hsu-Kim, H. (2009). Precipitation of mercuric sulfide
nanoparticles in NOM-containing water: Implications for the natural environment. Environmental Science & Technology, 43(7), 2368–
2373. https://doi.org/10.1021/es803130h
DiSpirito, A. A., Semrau, J. D., Murrell, J. C., Gallagher, W. H., Dennison,
C., & Vuilleumier, S. (2016). Methanobactin and the link between
copper and bacterial methane oxidation. Microbiology and Molecular
Biology Reviews, 80(2), 387–4 09. https://doi.org/10.1128/
mmbr.00058-15
DiSpirito, A. A., Zahn, J. A., Graham, D. W., Kim, H. J., Larive, C. K., Derrick,
T. S., Cox, C. D., & Taylor, A. (1998). Copperbinding compounds from
Methylosinus trichosporium OB3b. Journal of Bacteriology, 180(14),
3606–3613 https://doi.org/10.1128/JB.180.14.3606-3613.1998
El Ghazouani, A., Baslé, A., Firbank, S. J., Knapp, C. W., Gray, J., Graham,
D. W., & Dennison, C. (2011). Copper-binding properties and structures of methanobactins from Methylosinus trichosporium OB3b.
Inorganic Chemistry, 50(4), 1378–1391. https://doi.org/10.1021/
ic101965j
Fitch, M. W., Graham, D. W., Arnold, R. G., Agarwal, S. K., Phelps, P.,
Speitel, G. E., Jr., & Georgiou, G. (1993). Phenotypic characterization of copper-resistant mutants of Methylosinus trichosporium
OB3b. Applied and Environmental Microbiology, 59(9), 2771–2776.
https://doi.org/10.1128/aem.59.9.2771-2776.1993
Fru, E. C., Gray, N. D., McCann, C., Baptista, J. D., Christgen, B., Talbot, H.
M., El Ghazouani, A., Dennison, C., & Graham, D. W. (2011). Effects
of copper mineralogy and methanobactin on cell growth and sMMO
activity in Methylosinus trichosporium OB3b. Biogeosciences, 8(10),
2887–2894 https://doi.org/10.5194/bg-8-2887-2011
Gu, W., Farhan UlHaque, M., Baral, B. S., Turpin, E. A., Bandow, N. L.,
Kremmer, E., Flatley, A., Zischka, H., DiSpirito, A. A., & Semrau, J.
D. (2016). A TonB-dependent transporter is 2 responsible for methanobactin uptake by Methylosinus trichosporium OB3b. Applied
and Environmental Microbiology, 82(6), 1917–1923 https://doi.
org/10.1128/AEM.03884-15
Guggenheim, C., Brand, A., Bürgmann, H., Sigg, L., & Wehrli, B. (2019).
Aerobic methane oxidation under copper scarcity in a stratified
lake. Scientific Reports, 9(1), 4817. https://doi.org/10.1038/s4159
8-019-4 0642-2
Hakemian, A. S., Kondapalli, K. C., Telser, J., Hoffman, B. M., Stemmler,
T. L., & Rosenzweig, A. C. (2008). The metal centers of particulate
methane monooxygenase from Methylosinus trichosporium OB3b.
Biochemistry, 47(26), 6793–6801. https://doi.org/10.1021/bi800
598h
Hanson, R. S., & Hanson, T. E. (1996). Methanotrophic bacteria.
Microbiological Reviews, 60(2), 439–471. https://doi.org/10.1128/
mr.60.2.439-471.1996
Hartmann, D. L., Klein Tank, A. M. G., Rusticucci, M., Alexander, L. V.,
Brönnimann, S., Charabi, Y., Dentener, F. J., Dlugokencky, E. J.,
Easterling, D. R., Kaplan, A., Soden, B. J., Thorne, P. W., Wild, M.,
& Zhai, P. M. (2013). Observations: Atmosphere and surface. In
C. Intergovernmental Panel on Climate (Ed.), Climate Change 2013
–The physical science basis: Working group I contribution to the fifth
assessment report of the intergovernmental panel on climate change
(pp. 159–254). Cambridge University Press.
Hofacker, A. F., Voegelin, A., Kaegi, R., Weber, F. A., & Kretzschmar, R.
(2013). Temperature-dependent formation of metallic copper and

RUSHWORTH et al.

metal sulfide nanoparticles during flooding of a contaminated
soil. Geochimica et Cosmochimica Acta, 103, 316–332. https://doi.
org/10.1016/j.gca.2012.10.053
Hoffmann, K., Bouchet, S., Christl, I., Kaegi, R., & Kretzschmar, R. (2020).
Effect of NOM on copper sulfide nanoparticle growth, stability,
and oxidative dissolution. Environmental Science: Nano. 1163–1178.
https://doi.org/10.1039/C9EN01448A
Kent, R. D., & Vikesland, P. J. (2016). Dissolution and persistence
of copper-based nanomaterials in undersaturated solutions
with respect to cupric solid phases. Environmental Science &
Technology, 50(13), 6772–6781. https://doi.org/10.1021/acs.
est.5b04719
Kim, H. J., Galeva, N., Larive, C. K., Alterman, M., & Graham, D. W. (2005).
Purification and physical-chemical properties of methanobactin: A
chalkophore from Methylosinus trichosporium OB3b. Biochemistry,
44(13), 5140–5148. https://doi.org/10.1021/bi047367r
Kim, H. J., Graham, D. W., DiSpirito, A. A., Alterman, M. A., Galeva,
N., Larive, C. K., Asunskis, D., & Sherwood, P. M. A. (2004).
Methanobactin, a copper-acquisition compound from methaneoxidizing bacteria. Science, 305(5690), 1612–1615 https://doi.
org/10.1126/science.1098322
Kinniburgh, D. G., Milne, C. J., Benedetti, M. F., Pinheiro, J. P., Filius, J.,
Koopal, L. K., & Van Riemsdijk, W. H. (1996). Metal ion binding by
humic acid: Application of the NICA-Donnan model. Environmental
Science & Technology, 30(5), 1687–1698. https://doi.org/10.1021/
es950695h
Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J. G.,
Dlugokencky, E. J., Bergamaschi, P., Bergmann, D., Blake, D. R.,
Bruhwiler, L., Cameron-Smith, P., Castaldi, S., Chevallier, F., Feng,
L., Fraser, A., Krummel, P. B., Lamarque, J.-F., Langenfelds, R. L.,
Le Quere, C., … Zeng, G. (2013). Three decades of global methane
sources and sinks. Nature Geoscience, 6(10), 813–823 https://doi.
org/10.1038/ngeo1955
Knapp, C. W., Fowle, D. A., Kulczycki, E., Roberts, J. A., & Graham, D.
W. (2007). Methane monooxygenase gene expression mediated
by methanobactin in the presence of mineral copper sources.
Proceedings of the National Academy of Sciences of the United States
of America, 104(29), 12040–12045. https://doi.org/10.1073/
pnas.0702879104
Kraemer, S. M. (2011). Siderophores. In J. Reitner & V. Thiel (Eds.),
Encyclopedia of geobiology (pp. 793–796). Springer.
Kraemer, S. M., Duckworth, O. W., Harrington, J. M., & Schenkeveld,
W. D. C. (2015). Metallophores and trace metal biogeochemistry.
Aquatic Geochemistry, 21(2), 159–195. https://doi.org/10.1007/
s10498-014-9246-7
Kulczycki, E., Fowle, D. A., Knapp, C., Graham, D. W., & Roberts, J. A.
(2007). Methanobactin-promoted dissolution of cu-substituted
borosilicate glass. Geobiology, 5(3), 251–263. https://doi.
org/10.1111/j.1472-4669.2007.00102.x
Kuwabara, J. S., & Luther, G. W. (1993). Dissolved sulfides in the oxic
water column of San Francisco Bay, California. Estuaries, 16(3), 567–
573. https://doi.org/10.2307/1352604
Leak, D. J., & Dalton, H. (1986). Growth yields of methanotrophs.
Applied Microbiology and Biotechnology, 23(6), 470–476. https://doi.
org/10.1007/BF02346062
Lehmann, M. F., Bernasconi, S. M., Barbieri, A., Simona, M., & McKenzie,
J. A. (2004). Interannual variation of the isotopic composition of
sedimenting organic carbon and nitrogen in Lake Lugano: A long-
term sediment trap study. Limnology and Oceanography, 49(3), 839–
849. https://doi.org/10.4319/lo.2004.49.3.0839
Lehmann, M. F., Bernasconi, S. M., McKenzie, J. A., Barbieri, A., Simona,
M., & Veronesi, M. (2004). Seasonal variation of the delta C-13
and delta N-15 of particulate and dissolved carbon and nitrogen
in Lake Lugano: Constraints on biogeochemical cycling in a eutrophic lake. Limnology and Oceanography, 49(2), 415–429. https://doi.
org/10.4319/lo.2004.49.2.0415

RUSHWORTH et al.

Li, Y., Qian, G., Brown, P. L., & Gerson, A. R. (2017). Chalcopyrite dissolution: Scanning photoelectron microscopy examination of the
evolution of sulfur species with and without added iron or pyrite. Geochimica et Cosmochimica Acta, 212, 33–47. https://doi.
org/10.1016/j.gca.2017.05.016
Liu, J. C., & Huang, C. P. (1992). Electrokinetic characteristics of some
metal sulfide-water interfaces. Langmuir, 8(7), 1851–1856. https://
doi.org/10.1021/la00043a027
Luther, G. W., & Rickard, D. T. (2005). Metal sulfide cluster complexes
and their biogeochemical importance in the environment. Journal
of Nanoparticle Research, 7(4), 389–4 07. https://doi.org/10.1007/
s11051-0 05-4272-4
Luther, G. W., & Tsamakis, E. (1989). Concentration and form of dissolved
sulfide in the oxic water column of the ocean. Marine Chemistry,
27(3), 165–177. https://doi.org/10.1016/0304-4203(89)90046-7
Ma, R., Stegemeier, J., Levard, C., Dale, J. G., Noack, C. W., Yang, T., Brown,
G. E. Jr., & Lowry, G. V. (2014). Sulfidation of copper oxide nanoparticles and properties of resulting copper sulfide. Environmental
Science: Nano, 1(4), 347–357 https://doi.org/10.1039/C4EN0
0018H
Mash, H. E., Chin, Y.-P., Sigg, L., Hari, R., & Xue, H. (2003). Complexation
of copper by zwitterionic Aminosulfonic (good) buffers. Analytical
Chemistry, 75(3), 671–677. https://doi.org/10.1021/ac0261101
McCabe, J. W., Vangala, R., & Angel, L. A. (2017). Binding selectivity of
methanobactin from Methylosinus trichosporium OB3b for copper(I), silver(I), zinc(II), nickel(II), cobalt(II), manganese(II), Lead(II),
and iron(II). Journal of the American Society for Mass Spectrometry,
28(12), 2588–2601. https://doi.org/10.1007/s13361-017-1778-9
Millero, F. J., Sotolongo, S., & Izaguirre, M. (1987). The oxidation kinetics
of Fe(II) in seawater. Geochimica et Cosmochimica Acta, 51(4), 793–
801. https://doi.org/10.1016/0016-7037(87)90093-7
Milne, C. J., Kinniburgh, D. G., van Riemsdijk, W. H., & Tipping, E. (2003).
Generic NICA−Donnan model parameters for metal-ion binding by
humic substances. Environmental Science & Technology, 37(5), 958–
971. https://doi.org/10.1021/es0258879
Morton, J. D., Hayes, K. F., & Semrau, J. D. (2000). Bioavailability of
chelated and soil-adsorbed copper to Methylosinus trichosporium
OB3b. Environmental Science & Technology, 34(23), 4917–4922.
https://doi.org/10.1021/es001330m
Murrell, J. C., McDonald, I. R., & Gilbert, B. (2000). Regulation of expression of methane monooxygenases by copper ions. Trends
in Microbiology, 8(5), 221–225. https://doi.org/10.1016/S0966
-8 42X(00)01739-X
Parkhurst, D. L., & Appelo, C. A. J. (2013). Description of input and examples for PHREEQC version 3: A computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations (6-A43). http://pubs.er.usgs.gov/public ation/
tm6A43
Pearson, R. G. (1963). Hard and soft acids and bases. Journal of the
American Chemical Society, 85(22), 3533–3539. https://doi.
org/10.1021/ja00905a001
Pesch, M. L., Christl, I., Barmettler, K., Kraemer, S. M., & Kretzschmar,
R. (2011). Isolation and purification of cu-free methanobactin from
Methylosinus trichosporium OB3b. Geochemical Transactions, 12, 9.
https://doi.org/10.1186/1467-4866-12-2
Pesch, M. L., Christl, I., Hoffmann, M., Kraemer, S. M., & Kretzschmar,
R. (2012). Copper complexation of methanobactin isolated from
Methylosinus trichosporium OB3b: pH-dependent speciation and
modeling. Journal of Inorganic Biochemistry, 116, 55–62. https://doi.
org/10.1016/j.jinorgbio.2012.07.008
Pesch, M. L., Hoffmann, M., Christl, I., Kraemer, S. M., & Kretzschmar, R.
(2013). Competitive ligand exchange between cu-humic acid complexes and methanobactin. Geobiology, 11(1), 44–54. https://doi.
org/10.1111/gbi.12010
Posacka, A. M., Semeniuk, D. M., & Maldonado, M. T. (2019).
Effects of copper availability on the physiology of marine

|

705

heterotrophic bacteria. Frontiers in Marine Science, 5, 1–19. https://
doi.org/10.3389/fmars.2018.00523
Reyes, C., Hodgskiss, L., Baars, O., Kerou, M., Bayer, B., Schleper, C.,
& Kraemer, S. M. (2020). Copper limiting threshold in the terrestrial ammonia oxidizing archaeon Nitrososphaera viennensis.
Research in Microbiology., 171, 134–142. https://doi.org/10.1016/j.
resmic.2020.01.003
Reyes, C., Hodgskiss, L., Kerou, M., Pribasnig, T., Abby, S. S., Bayer, B.,
Kraemer, S. M., & Schleper, C. (2020). Genome wide transcriptomic
analysis of the soil ammonia oxidizing archaeon Nitrososphaera viennensis upon exposure to copper limitation. The ISME Journal, 14,
2659–2674. https://doi.org/10.1038/s41396-020-0715-2
Rickard, D., & Luther, G. W. (2006). Metal sulfide complexes and clusters. Sulfide Mineralolgy and Geochemistry, 61, 421–504. https://doi.
org/10.2138/rmg.2006.61.8
Rozan, T. F., Benoit, G., & Luther, G. W. (1999). Measuring metal sulfide
complexes in Oxic River waters with square wave voltammetry.
Environmental Science & Technology, 33(17), 3021–3 026. https://doi.
org/10.1021/es981206r
Rozan, T. F., Lassman, M. E., Ridge, D. P., & Luther, G. W. (2000). Evidence
for iron, copper and zinc complexation as multinuclear sulphide
clusters in oxic rivers. Nature, 406(6798), 879–882. https://doi.
org/10.1038/35022561
Rudd, J. W. M., Furutani, A., Flett, R. J., & Hamilton, R. D. (1976).
Factors controlling methane oxidation in shield lakes: The role
of nitrogen fixation and oxygen concentration1. Limnology
and Oceanography, 21(3), 357–364. https://doi.org/10.4319/
lo.1976.21.3.0357
Schenkeveld, W., Oburger, E., Gruber, B., Schindlegger, Y., Hann, S.,
Puschenreiter, M., & Kraemer, S. M. (2014). Metal mobilization from
soils by phytosiderophores – Experiment and equilibrium modeling. Plant and Soil, 383(1), 59–71. https://doi.org/10.1007/s1110
4-014-2128-3
Schenkeveld, W., Reichwein, A. M., Temminghoff, E. J., & van Riemsdijk,
W. H. (2012). Effect of soil parameters on the kinetics of the displacement of Fe from FeEDDHA chelates by cu. The Journal of
Physical Chemistry A, 116(25), 6582–6589. https://doi.org/10.1021/
jp2126 448
Schenkeveld, W., Schindlegger, Y., Oburger, E., Puschenreiter, M., Hann,
S., & Kraemer, S. M. (2014). Geochemical processes constraining
iron uptake in strategy II Fe acquisition. Environmental Science &
Technology, 48(21), 12662–12670. https://doi.org/10.1021/es503
1728
Schenkeveld, W., Weng, L. P., Reichwein, A. M., Temminghoff, E. J. M., &
van Riemsdijk, W. H. (2015). Evaluation of the potential impact of
cu competition on the performance of o,o-FeEDDHA in soil applications. European Journal of Soil Science, 66(2), 277–285. https://doi.
org/10.1111/ejss.12226
Semrau, J. D., DiSpirito, A. A., & Yoon, S. (2010). Methanotrophs and
copper. Fems Microbiology Reviews, 34(4), 496–531. https://doi.
org/10.1111/j.1574-6976.2010.00212.x
Shea, D., & Helz, G. R. (1989). Solubility product constants of covellite and a poorly crystalline copper sulfide precipitate at 298 K.
Geochimica et Cosmochimica Acta, 53(2), 229–236. https://doi.
org/10.1016/0016-7037(89)90375-x
Sukola, K., Wang, F. Y., & Tessier, A. (2005). Metal-sulfide species in
oxic waters. Analytica Chimica Acta, 528(2), 183–195. https://doi.
org/10.1016/j.aca.2004.10.009
Sunda, W. G., & Huntsman, S. A. (1995). Regulation of copper concentration in the oceanic nutricline by phytoplankton uptake and regeneration cycles. Limnology and Oceanography, 40(1), 132–137. https://
doi.org/10.4319/lo.1995.40.1.0132
Tezuka, K., Sheets, W. C., Kurihara, R., Shan, Y. J., Imoto, H., Marks, T. J., &
Poeppelmeier, K. R. (2007). Synthesis of covellite (CuS) from the elements. Solid State Sciences, 9(1), 95–99. https://doi.org/10.1016/j.
solidstatesciences.2006.10.002

706

|

Tiller, C. L., & O'Melia, C. R. (1993). Natural organic matter and colloidal stability: Models and measurements. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 73, 89–102. https://doi.
org/10.1016/0927-7757(93)80009- 4
Todd, E. C., & Sherman, D. M. (2003). Surface oxidation of chalcocite
(Cu2S) under aqueous (pH = 2–11) and ambient atmospheric conditions: Mineralogy from cu L- and O K-edge X-ray absorption spectroscopy. American Mineralogist, 88(11–12), 1652–1656. https://doi.
org/10.2138/am-2003-11-1203
Weber, F. A., Voegelin, A., Kaegi, R., & Kretzschmar, R. (2009).
Contaminant mobilization by metallic copper and metal sulphide
colloids in flooded soil. Nature Geoscience, 2(4), 267–271. https://
doi.org/10.1038/ngeo476
Weber, F. A., Voegelin, A., & Kretzschmar, R. (2009). Multi-metal contaminant dynamics in temporarily flooded soil under sulfate limitation.
Geochimica et Cosmochimica Acta, 73(19), 5513–5527. https://doi.
org/10.1016/j.gca.2009.06.011
Whittenbury, R., Phillips, K. C., & Wilkinson, J. F. (1970). Enrichment,
isolation and some properties of methane-utilizing bacteria.
Microbiology, 61(2), 205–218. https://doi.org/10.1099/00221
287-61-2-205
Xue, H., Oestreich, A., Kistler, D., & Sigg, L. (1996). Free cupric ion concentrations and cu complexation in selected swiss lakes and rivers. Aquatic Sciences, 58(1), 69–87. https://doi.org/10.1007/bf008
77641
Xue, H., & Sigg, L. (1993). Free cupric ion concentration and cu(II) speciation in a eutrophic lake. Limnology and Oceanography, 38(6), 1200–
1213. https://doi.org/10.4319/lo.1993.38.6.1200

RUSHWORTH et al.

Yin, W., Yang, B., Fu, Y., Chu, F., Yao, J., Cao, S., & Zhu, Z. (2019). Effect
of calcium hypochlorite on flotation separation of covellite and pyrite. Powder Technology, 343, 578–585. https://doi.org/10.1016/j.
powtec.2018.11.048
Yu, Q., Kandegedara, A., Xu, Y., & Rorabacher, D. B. (1997). Avoiding interferences from Good's buffers: A contiguous series of noncomplexing tertiary amine buffers covering the entire range of pH 3–
11. Analytical Biochemistry, 253(1), 50–56. https://doi.org/10.1006/
abio.1997.2349

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Rushworth, D. D., Christl, I.,
Kumar, N., Hoffmann, K., Kretzschmar, R., Lehmann, M. F.,
Schenkeveld, W. D. C., & Kraemer, S. M. (2022). Copper
mobilisation from Cu sulphide minerals by methanobactin:
Effect of pH, oxygen and natural organic matter. Geobiology,
20, 690–706. https://doi.org/10.1111/gbi.12505

