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Biogeochemical The Environmental Bioinorganic Chemistry

cycles

of Aquatic Microbial Organisms describes the
interactions between metals and aquatic prokaryotic
and eukaryotic microorganisms in their environment.
Metals influence microbial growth in the aquatic
environment as they can be either toxic to aquatic
microbes, if present at too high concentrations in the
“: - .- coiEcm:f?SSLln environment, or limiting, if bio-essential and present
epresson ; W con  at very low concentrations. In turn, microorganisms
influence the biogeochemical cycling of metals as
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cycles, elemental concentrations, chemical between particulate and dissolved phase, and
. . . >
speciation, enzyme expression and enzyme chemical speciation.

abundance. Figure by Martha Gledhill.
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At the sub cellular level, metalloproteins are the catalysts driving many steps in the
biogeochemical cycles of major elements such as carbon, nitrogen and sulfur. Metals thus
provide a link between the abundance and activity of enzymes, the growth of microorganisms,
and the biogeochemical cycles of major climate influencing elements. Furthermore, the
evolution of the chemistry of aquatic environments and atmosphere has left its mark on

the microbial proteome as a direct result of changes in the solubility of metals. The aquatic
microbial metallome thus has the potential to reveal information about key biogeochemical
processes, their spatial and seasonal occurrence, and also to reveal how the geochemical
environment is shaping the microbial population itself.

The aim of this Research Topic is to highlight recent advances in our understanding of
how metals influence the activity of aquatic microbes, and how microbes influence the
biogeochemical cycling of metals. Applications of techniques in proteomics, spectroscopy,
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mass spectrometry and genomics are all leading to a greater understanding of the interactions
between the microbial metallome and the “aquatic metallome” and thus the influence of
metals on the biogeochemical cycles of climatically important elements such as carbon,
nitrogen and sulfur. Both reviews and original research on the occurrence and abundance

of microbial metal proteins and peptides, the utilisation of metals by aquatic microbes, the
influence of microbially produced exudates on metal speciation and the biogeochemical
cycling, and the toxicity of metals to microbial organisms are welcome.

Frontiers in Microbiology July 2013 | Environmental Bioinorganic Chemistry of Aquatic Microbial Organisms | 3


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiological_Chemistry/researchtopics/Environmental_Bioinorganic_Che/349

05

06

28

54

80

90

103

123

144

164

179

186

197

Table of Contents

The Environmental Bioinorganic Chemistry of Aquatic Microbial Organisms
Martha Gledhill, Christel S. Hassler and Veronique Schoemann

Feedback Interactions Between Trace Metal Nutrients and Phytoplankton
in the Ocean

William G. Sunda

Disassembling Iron Availability to Phytoplankton

Yeala Shaked and Hagar Lis

Exploring the Link between Micronutrients and Phytoplankton in the Southern
Ocean during the 2007 Austral Summer

Christel S. Hassler, Marie Sinoir, Lesley A. Clementson and Edward C. V. Butler

Impacts of Microbial Activity on the Optical and Copper-Binding Properties of
Leaf-Litter Leachate

Chad W. Cuss and Celine Guéguen
Iron Utilization in Marine Cyanobacteria and Eukaryotic Algae
Joe Morrissey and Chris Bowler

Factors Influencing the Diversity of Iron Uptake Systems in Aquatic
Microorganisms

Dhwani K. Desai, Falguni D. Desai and Julie LaRoche

Mining Genomes of Marine Cyanobacteria for Elements of Zinc Homeostasis
James P Barnett, Andrew Millard, Amira Z. Ksibe, David J. Scanlan,

Ralf Schmid and Claudia Andrea Blindauer

Trace Metal Requirements for Microbial Enzymes Involved in the Production
and Consumption of Methane and Nitrous Oxide

Jennifer B. Glass and Victoria J. Orphan

The Unique Biogeochemical Signature of the Marine Diazotroph Trichodesmium
Jochen Nuester, Stefan Vogt, Matthew Newville, Adam B. Kustka and

Benjamin S. Twining

Characterization of Lead-Phytochelatin Complexes by Nano-Electrospray
lonization Mass Spectrometry

Christian Scheidegger, Marc J.-F. Suter, Renata Behra and Laura Sigg

Modeling the Habitat Range of Phototrophs in Yellowstone National Park:
Toward the Development of a Comprehensive Fitness Landscape

Eric S. Boyd, Kristopher M. Fecteau, Jeff R. Havig, Everett L. Shock and
JohnW. Peters

Effect of Metals on the Lytic Cycle of the Coccolithovirus, EhV86

Martha Gledhill, Aurélie Devez, Andrea Highfield, Chloe Singleton,
Eric P Achterberg and Declan Schroeder

Frontiers in Microbiology

July 2013 | Environmental Bioinorganic Chemistry of Aquatic Microbial Organisms | 4


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiological_Chemistry/researchtopics/Environmental_Bioinorganic_Che/349

frontiers in
MICROBIOLOGY

EDITORIAL
published: 25 April 2013
doi: 10.3389/fmicb.2013.00100

=

The environmental bioinorganic chemistry of aquatic

microbial organisms

Martha Gledhill™*, Christel S. Hassler? and Veronique Schoemann?®

" National Oceanography Centre, School of Ocean and Earth Science, University of Southampton, Southampton, UK
2 Plant Functional Biology and Climate Change Cluster, University of Technology Sydney, Broadway, NSW, Australia
3 Department of Biological Oceanography, Royal Netherlands Institute for Sea Research, AB Den Burg, Texel, Netherlands

*Correspondence: martha@soton.ac.uk
Edited by:
Bradley M. Tebo, Oregon Health & Science University, USA

Reviewed by:
Bradley M. Tebo, Oregon Health & Science University, USA

A few key inorganic elements, many of them metals, are
essential for life. Approximately 40% of all proteins are metal-
loproteins which are at the center of the fundamental biologi-
cal processes that drive biogeochemical cycles. Metalloproteins
split water, acquire carbon, reduce carbon, and reoxidize car-
bon. They are also integral to the nitrogen and oxygen
cycles.

In aquatic systems, metals are present at an extraordinar-
ily wide range of concentrations from metal rich hydrother-
mal systems to the extremely metal poor Southern Ocean.
Moreover, the relative abundance of metals to each other is
not universal. Such differences are primarily a result of the
metal source, input rate, and the major ion (S, O, Cl) com-
position of their environment. Transition metals, in particular,
exhibit diverse environmental behaviors and biological avail-
ability, with changes in oxidation state and affinity for non-
metals combining to create a rich chemistry and diversity
of uses.
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In addition to control by major nutrient elements (nitrogen, phosphorus, and silicon) the
productivity and species composition of marine phytoplankton communities are also reg-
ulated by a number of trace metal nutrients (iron, zinc, cobalt, manganese, copper, and
cadmium). Of these, iron is most limiting to phytoplankton growth and has the greatest
effect on algal species diversity. It also plays an important role in limiting di-nitrogen (N) fix-
ation rates, and thus is important in controlling ocean inventories of fixed nitrogen. Because
of these effects, iron is thought to play a key role in regulating biological cycles of carbon
and nitrogen in the ocean, including the biological transfer of carbon to the deep sea,
the so-called biological CO, pump, which helps regulate atmospheric CO2 and CO»-linked
global warming. Other trace metal nutrients (zinc, cobalt, copper, and manganese) have
lesser effects on productivity; but may exert an important influence on the species com-
position of algal communities because of large differences in metal requirements among
species. The interactions between trace metals and ocean plankton are reciprocal: not only
do the metals control the plankton, but the plankton regulate the distributions, chemical
speciation, and cycling of these metals through cellular uptake and recycling processes,
downward flux of biogenic particles, biological release of organic chelators, and mediation
of redox reactions. This two way interaction has influenced not only the biology and chem-
istry of the modern ocean, but has had a profound influence on biogeochemistry of the
ocean and earth system as a whole, and on the evolution of marine and terrestrial biology
over geologic history.

Keywords: Phytoplankton, trace metal nutrients, iron, zinc, cobalt, manganese, cadmium, trace metal chemistry

INTRODUCTION

Life in the ocean is dependent on fixation of carbon (C) and nitro-
gen (N) by planktonic microalgae, ranging in diameter from <1
to >100 pm. These “phytoplankton” consist of eukaryotic algae,
which photosynthetically fix carbon dioxide (CO;) into organic
matter, and cyanobacteria that fix CO;, and also fix di-nitrogen
(N3) to form ammonium. They make up less than 1% of the plant
biomass on earth, but account for almost 50% of global primary
production (Field et al., 1998) and are a major source of trace gases
such as dimethylsulfide that influence climate (Charlson et al.,
1987; Andreae and Crutzen, 1997). Up until the ground breaking
experiments of John Martin (Martin and Fitzwater, 1988; Martin
et al., 1991), the growth of marine phytoplankton was thought
to be primarily limited by the availability of the major nutrient
nitrogen and to a lesser extent phosphorus. However, numerous
iron-addition experiments in bottles and in mesoscale patches of
surface seawater in the ensuing decades have demonstrated that
the trace metal nutrient iron limits the growth of phytoplank-
ton and regulates their species composition in 30-40% of the
world ocean, especially in high nitrate-low chlorophyll (HNLC)
regions: the Southern Ocean, the equatorial and subarctic Pacific,
and some coastal upwelling systems (Hutchins et al., 2002; Moore
etal., 2002, 2004; Coale et al., 2004; Boyd et al., 2007). In addition,
there is substantial evidence that iron limits the fixation of N by

cyanobacteria in the ocean, and thus, controls oceanic inventories
of biologically available fixed nitrogen (Rueter, 1983; Falkowski,
1997; Wu et al., 2000; Sohm et al., 2011). Several other trace metal
nutrients (zinc, cobalt, manganese, and copper) have also been
shown to stimulate phytoplankton growth in bottle incubation
experiments with natural ocean water, but their effects are usu-
ally less substantial than those for iron (Coale, 1991; Crawford
et al., 2003; Franck et al., 2003; Saito et al., 2005). However, these
metals may play important roles in regulating the species compo-
sition of phytoplankton communities because of large differences
in cellular trace metal concentrations and growth requirements
among species (Brand et al., 1983; Sunda and Huntsman, 1995a,b;
Crawford et al., 2003; Ho et al., 2003).

In this review, I will discuss interactions between trace metal
nutrients [iron (Fe), zinc (Zn), cobalt (Co), manganese (Mn), cop-
per (Cu), nickel (Ni), cadmium (Cd), and molybdenum (Mo)] and
phytoplankton in the ocean. These interactions involve not only
the effect of the metals on the growth and species composition
of phytoplankton communities, but also the profound effect of
marine plankton on the distribution, speciation chemistry, and
biological availability of these nutrient metals (Figure 1). There
are many aspects to consider in these interactions, including (1) the
distribution of metal nutrients in the ocean on various temporal
and spatial scales; (2) the sources, sinks, and cycling of metals; (3)
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- Concentrations
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FIGURE 1 | Conceptual diagram of the mutual interactions between
trace metal nutrients (Fe, Mn, Zn, Co, Cu, Mo, and Cd) and
phytoplankton in the sea. In these interactions the chemistry of trace
metal nutrients (their concentrations, chemical speciation, and redox
cycling) regulate the productivity, species composition, and trophic
interactions of marine phytoplankton communities. These communities in
turn regulate the chemistry and cycling of the trace metals through cellular
uptake and assimilation, vertical transport of biogenic particles (intact cells
and fecal pellets), mediation of metal regeneration processes (by grazers,
bacteria, and viruses), production of organic chelators, and biological
mediation of metal redox cycling.

metal speciation and redox cycling, (4) the influence of these met-
als on phytoplankton metabolism and growth at different levels
of biological organization (molecular, cellular, population, com-
munity, ecosystem, ocean/earth system), and (5) the influence of
phytoplankton and the planktonic community as a whole on the
chemistry and cycling of metal nutrients in the ocean.

METAL DISTRIBUTIONS IN THE OCEAN

The distribution patterns of trace metal nutrients in the ocean
have a profound influence on phytoplankton communities. Con-
centrations of filterable Fe and Zn (that which passes through a
0.2 or 0.4 wm-pore filter) are often extremely low (0.02-0.1 nM)
in surface open ocean waters (Bruland, 1980; Martin et al., 1989;
Johnson et al., 1997). Filterable concentrations of Cd, a nutrient
analog for Zn, can reach values as low as 0.002-0.004 nM in sur-
face waters of the North Pacific and Atlantic Oceans (Bruland,
1980; Bruland and Franks, 1983; Table 1). Filterable levels of these
and other trace metal nutrients can increase by orders of mag-
nitude in surface transects from the open ocean to coastal and
estuarine waters owing to metal inputs from continental sources:
rivers, ground water, aeolian dust, and coastal sediments (Bru-
land and Franks, 1983; Sunda, 1988/89). Filterable Fe can reach
micromolar levels in estuaries and 10-20 WM in high humic rivers,
1000 to 10,000-fold higher than concentrations in surface ocean
waters. Filterable iron in rivers occurs largely as colloidal particles
(0.02-0.4 pm diameter), which are rapidly lost from estuarine and
coastal waters via salt-induced coagulation and particulate settling
(Boyle et al., 1977). Because of this efficient removal, much of the
iron in rivers is deposited in estuarine and coastal sediments, and
little directly reaches the open sea. However, reducing conditions in
organic-rich shelf and margin sediments can re-mobilize some of

the river-derived particulate Fe via reduction to soluble Fe(II), and
thereby provide an important Fe source to the ocean (Moore and
Braucher, 2008). Another equally if not more important source of
iron to the ocean is aeolian deposition of iron-containing mineral
dust transported by the wind from arid regions (Duce and Tindale,
1991; Jickells et al., 2005). These aeolian inputs change seasonally
with variations in rainfall and prevailing winds and are highest in
waters downwind of deserts (Measures and Vink, 1999; Jickells and
Spokes, 2001). Regions far removed from aeolian and sedimentary
continental sources, such as the South Pacific and Southern Ocean
receive low external iron inputs and are among the most iron-
limited areas of the oceans (Martin et al., 1990; Behrenfeld and
Kolber, 1999; Coale et al., 2004). Other external sources such as
glaciers/iceberg melt, seasonal sea ice melting, island wakes, vol-
canism, and hydrothermal activity can provide important local
inputs of iron and other metals (Boyd and Ellwood, 2010).

Because of the much lower trace metal concentrations in the
open ocean relative to those in coastal waters, oceanic algal species
have evolved the ability to grow at much lower external and intra-
cellular concentrations of Fe, Zn, and Mn (Brand et al., 1983;
Brand, 1991; Sunda and Huntsman, 1986, 1992, 1995a,b). In doing
so they have been forced to rearrange their metabolic architecture
(e.g., by decreasing the abundance of iron-rich protein complexes
[photosystem I and the cytochrome bg/f complex] in photosyn-
thesis; Strzepek and Harrison, 2004), by switching from iron-
containing enzymes to less carbon-efficient metal free enzymes
(the replacement of ferredoxin by flavodoxin in photosynthetic
electron transport (La Roche et al., 1996) and N,-fixation (Saito
etal.,2011), or by switching from scarce metals to more-abundant
ones in some critical metalloenzymes [e.g., the replacement of
cytochrome cg which contains iron with the copper protein plas-
tocyanin in photosynthetic electron transport (Peers and Price,
2006)].

Residence times of trace metal nutrients in the ocean vary over
a wide range — from 20 to 40 years for Mn (Landing and Bruland,
1987; Bruland et al., 1994) to ~800,000 years for Mo (Emerson
and Huested, 1991; Morford and Emerson, 1999). Concentrations
of Zn, Cd, Ni, and Cu, which have intermediate to long residence
times (3000-100,000 years; Bruland and Lohan, 2003) relative to
the average ventilation time of ocean water (~1000 years for deep
ocean water), increase with depth, similar to increases observed for
major nutrients (nitrate, phosphate, and silicic acid; Figures 2 and
3). In the northeast Pacific, filterable concentrations of Zn and Cd
increase by 80-fold and 400-fold, respectively, between the surface
and 1000 m (Bruland, 1980). The similarity between vertical pro-
files of trace metal nutrients and those of major nutrients suggest
that both sets of nutrients undergo similar biological uptake and
regeneration processes in which each is taken up by phytoplankton
in sunlit surface waters and are thereby efficiently removed from
solution. Much of these assimilated metals and major nutrients
are recycled within the euphotic zone by the coupled processes of
zooplankton grazing and excretion, viral lysis of cells, and bacterial
degradation of organic materials (Hutchins et al., 1993; Hutchins
and Bruland, 1994; Poorvin et al., 2004; Strzepek et al., 2005; Boyd
and Ellwood, 2010). However, a portion of the assimilated metals
and major nutrients is continuously lost from the euphotic zone
by vertical settling of biogenic particulate matter, including intact
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Table 1| Organic complexation of Fe, Cu, Zn, and Cd in filtered (0.4 um) surface and deep waters of the Northeast Pacific Ocean (n.d. - not

detected, n.c. - not computed).

Metal Depth (m) Total M (nM) L1 (nM) Log Ky1,w —log [W'] Percent total metal Reference
(Obs.) L2 (nM) Log Kiowm
(™M) ML, ML,
Fe 20-300 0.22+0.07 0.48+0.07 13.04+0.16 13.2+0.2 0.03+£0.01 86.5+2.7 13.5+2.7 Rue and Bruland (1995)
(6) 1.47 +£0.07 11.49+0.10
500-2000 0.72+£0.05 n.d n.d. 120+£0.2 0.15+0.06 nd 99.8+0.1 Rue and Bruland (1995)
(3) 2.57+0.21 11.68+£0.16
Cu 25-120* 0.53+0.07 177+£056  11.58+0.30 11.9+02 0.31+0.24 98.8+09 0.9+0.7 Coale and Bruland (1990)
(18) 57+28 8.72+0.46
Zn 22-200 0.23+£0.07 1.15£0.19 10.66+£0.13 11.3+0.3 26+10 974+1.0 n.d. Bruland (1989)
9
600 4.77 n.c. n.c. 85 734 26.6 n.d. Bruland (1989)
(m
Cd 22-100 0.003+0.001 0.08+0.03 10.40+0.22 12.0+£0.2 36.6+125 634+125 nd. Bruland (1992)
8)
600 0.78 n.d. n.d. 9.0£0.0 100 n.d. n.d. Bruland (1992)
(2)

*Near-surface values only are given because of a potential problem with the differential pulse anodic stripping titration data in the deep water samples (\Moffett and

Dupont, 2007).

algal cells, zooplankton fecal pellets, and organic detritus. The
macro- and micro-nutrients contained in these settling biogenic
particles are then returned to solution in non-lit deeper waters by
bacterial degradation processes, with the rate of this regeneration
decreasing exponentially with water depth. Over time the uptake,
settling, and regeneration processes deplete trace metal and major
nutrients in sunlit surface waters to low levels and increase con-
centrations at depth at elemental ratios equal to average values in
phytoplankton. This set of processes also transfers CO; to the deep
sea and is important in regulating atmospheric CO, concentra-
tions (Sigman and Boyle, 2000). The cycle is completed when the
nutrient and CO; reservoirs in deeper waters are returned to the
surface via vertical mixing and advection (upwelling) processes.
Based on the above dynamics, the plots of trace metal nutrients
with longer residence times (Cu, Zn, Ni, and Cd) vs those of major
nutrients (e.g., phosphate) should have slopes equal the average
ratios of trace metals to major nutrients in marine plankton. Such
behavior was previously demonstrated for depth dependent plots
of nitrate vs phosphate concentrations in which the slope of these
relationships (16 mol mol ~!) equaled the average N:P measured
in ocean plankton (Redfield etal., 1963). Similar behavior has been
observed for plots of Zn, Cd, Ni, and Cu vs phosphate, but with
several caveats (Martin et al., 1976; Sunda and Huntsman, 1992,
1995¢, 2000; Croot et al., 2011; Figure 4). In depth profiles for
the northeastern Pacific (Figure 2), the concentrations of three of
the metals (Ni, Cu, Cd) within the nutricline are linearly related
to those of phosphate, and for Cu and Cd, the metal:P slopes
(or equivalent metal:C ratios) agree well with values measured in
net plankton samples or in algae cultured at the concentration of
unchelated metal [M’] (or other controlling metals in the case of
Cd) observed in the sunlit surface layer (Figures 4B,C; Table 2).
However, unlike N vs P plots, these relationships have positive

y-intercepts for Cu and Ni, indicating that these metals are not
completely “used up” biologically in N- and P-depleted surface
waters. By contrast, the Zn:P relationship exhibits increasing slopes
with increasing Zn concentrations and a negative y-intercept for
a linear regression of Zn vs P (Figure 4A; Table 2). Here the
Zn:P slope (and associated Zn:C molar ratio) in the productive
surface layer (0-185m) agrees with Zn:P and Zn:C values for
marine algae grown at the measured [Zn'] range within the sur-
face layer (Tables 1 and 2; Figure 5) and the Zn:C ratio (3.7 pmol
mol~!) in phytoplankton growing in near-surface seawater in the
northeast Pacific (Lohan et al., 2005). However at greater depths
(185-800 m), the Zn:P slope and associated Zn:C ratio (22 pumol
mol~!) is similar to average values for phytoplankton growing
at the much higher [Zn’] range observed at depth (Sunda and
Huntsman, 1992; Table 2; Figure 5).

The non-linearity of the Zn vs P plots likely reflects the very
large variation in [Zn’] in ocean waters and the associated variation
in Zn:P and Zn:C ratios in phytoplankton growing in these waters
(Sundaand Huntsman, 1992). Although waters with high [Zn’] are
usually found below the photic zone, and thus, cannot influence
the removal of metals by algal growth and uptake, thermoha-
line and wind-driven upwelling can bring these high-nutrient,
high-zinc waters to the surface, especially in polar regions. As a
consequence of these processes, filterable Zn in surface waters of
the Atlantic sector of the Southern Ocean increased from 0.5 nM
atalatitude of 46°S to 4.5 nM at 66°S along with increases in phos-
phate and nitrate (Croot et al., 2011). The [Zn'] in surface waters
increased to as high 1.8 nM, as the zinc concentration exceeded
that of strong Zn binding ligands (Baars and Croot, 2011), a value
~400-fold higher than mean surface [Zn’] in the North Pacific
(Table 1). Subsequently, the lateral changes in nutrient and metal
concentrations in these near-surface waters caused by algal uptake,
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FIGURE 2 | Depth profiles for major nutrients (A-C) [nitrate (Pacific only), phosphate, and silicic acid] and filterable concentrations (that passing a
0.4-w.m filter) of trace metal nutrients (D-H) (Zn, Cd, Ni, Cu, and Mn) in the central North Pacific (®, 32.7°N, 145.0W, September 1977) and North
Atlantic (M, 34.1°N, 66.1'W, July 1979; Bruland and Franks, 1983). Manganese concentrations in the Pacific were analyzed in acidified, unfiltered seawater

biogenic particulate settling, and net regeneration in deeper waters
are transposed to deeper depths and more northern latitudes with
downwelling and lateral advection, which is most intense during
winter (Redfield et al., 1963). In this way near-surface processes
of algal uptake, settling, and shallow water regeneration can influ-
ence the composition and vertical structure of major and trace
metal nutrients in deep ocean waters worldwide. Indeed, at depths
at and just above the phosphate maximum in the Atlantic Ocean
(600-800 m; see Figures 2B and 3A), about half of the phosphate
occurs as “preformed phosphate,” which was present when the
water originally subducted from the surface to form the Antarctic
Intermediate water layer, while the remainder occurs as regener-
ated phosphate (Redfield et al., 1963). Likewise, only a portion of
the trace metal nutrients at depth are likely derived from regenera-
tion of settling biogenic particles, while the remainder must occur
as “preformed metal nutrients.”

The deep water concentrations of both major nutrient elements
(N, P, and Si) and many longer-lived metal micro-nutrients (Zn,
Cd, Ni, and Cu) are two- to fivefold higher in deep waters of the

North Pacific than the North Atlantic (Figures 2 and 3) because
of large scale differences in the thermohaline circulation patterns
between the Atlantic and Pacific oceans. In the Pacific the major
water inflow occurs at depth where concentrations of nutrients
and longer-lived nutrient metals are high (Broecker, 1991). Con-
sequently, the Pacific acts as a nutrient trap and concentrates high
levels of nutrients and longer-lived nutrient metals in its deeper
waters (Broecker, 1991). The Atlantic, by contrast, has the oppo-
site circulation pattern, with its major inflow at the surface where
nutrients and metals are depleted, and its major outflow at depth,
the North Atlantic Deep water. As might be expected, this circu-
lation pattern tends to lower deep water concentrations of major
nutrients and longer-lived nutrient metals.

Two trace metal nutrients with short ocean residence times (Mn
and Co), show the opposite pattern to Cu, Zn, Cd, and Ni, and
have highest concentrations at or near the surface and lower deep
water concentrations in North Pacific than in the North Atlantic
(Figures 2H and 3D; Landing and Bruland, 1987; Jickells and
Burton, 1988; Martin et al., 1989). The short residence times and
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FIGURE 3 | Depth profiles for (A) phosphate and filterable concentrations of trace metal nutrients (B-D) (Fe, Zn, and Co) in the subarctic North Pacific
Ocean (Ocean Station Papa, 50.0°N, 145.0'W, August 1987; Martin et al., 1989) and the Northeast Atlantic (40°N, 20'W, May 1989; Martin et al., 1993).

low concentrations in the older deep waters of the North Pacific
are due to bacterially catalyzed oxidation of soluble Mn(II) and
Co(II) to insoluble Mn(III and IV) and Co(III) oxides, and subse-
quent removal via particulate aggregation and settling as the water
advects along its flow path. Likewise, iron is scavenged from deep
ocean waters by oxide formation and adsorption onto particles,
but it is also avidly taken up by phytoplankton in surface waters. It
has moderately short residence times (~70-200 years) and shows
similar deepwater concentrations in the North Atlantic and Pacific
(Johnson et al., 1997; Figure 3B). It exhibits surface depletion
and increasing concentrations with depth in iron-limited regions
such as the subarctic Pacific and northeast Atlantic during spring
(Figure 3B), but can show pronounced surface maxima in strat-
ified ocean waters receiving high aeolian inputs (Bruland et al.,
1994; Measures and Vink, 1999).

In contrast to the other nutrient metals, Mo occurs at essen-
tially the same concentration (100-110 nM) independent of depth
or ocean basin (Collier, 1985). Its concentration is roughly propor-
tional to salinity and its lack of depletion in surface waters indicates
minimal removal of Mo by marine plankton relative to its seawater
concentration, which is orders of magnitude higher than surface
levels of other trace metal nutrients (Figures 1 and 2).

COMPLEXATION AND REDOX CHEMISTRY

Trace metal nutrients in the ocean exist as a variety of different
chemical species and forms, which strongly influences their bio-
logical uptake and biogeochemical cycling. All but Mo occur as
cationic metal ions that are complexed to varying degrees by inor-
ganic and organic ligands or are adsorbed onto or bound within
various abiotic and biotic particles. Many of these metals (Fe, Cu,
Mn, and Co) occur in different oxidation states, which have dif-
ferent solubilities, binding strengths with organic ligands, ligand
exchange kinetics, and biological availabilities. Consequently, the
redox chemistry of these metals has a major influence on their
chemical behavior, biological uptake, and biogeochemical cycling.

Ni, Zn, and Cd exist in oxygenated seawater as soluble diva-
lent cations that are complexed to varying degrees by inorganic
ligands (Cl~, OH™, and COg_; Byrne et al., 1988) and organic
chelators. Only a small percentage of Ni is complexed by organic
ligands (0-30%; Saito et al., 2004), while ~97% of the filterable
zinc (Bruland, 1989) and ~63% of filterable cadmium (Bruland,
1992) is chelated in North Pacific surface waters by unidentified
strong organic ligands present at low concentrations (Table 1).
Similar strong chelation of Zn has been observed in the North
Atlantic and in subantarctic waters (Ellwood and van den Berg,
2000; Ellwood, 2004). Based on Zn concentrations in filtered sur-
face waters from the North Pacific (0.06-0.9 nM; Bruland, 1980)
and organic complexation data (Bruland, 1989), the concentration
of biologically available dissolved inorganic zinc species (Zn’) can
be as low as 1-2 pM in surface ocean water, low enough to limit
the growth of at least some algal species (Sunda and Huntsman,
1992, 1995a). However, in deep ocean waters (Bruland, 1989), and
upwelled surface waters in the Southern Ocean (Baars and Croot,
2011), Zn concentrations exceed the concentration of strong Zn
binding ligands, resulting in up to 1000-fold increases in Zn’ levels
(Table 1).

Manganese exists in seawater in three oxidation states: Mn(II),
Mn(III), and Mn(IV). Insoluble Mn(III) and Mn(IV) oxides are
the stable redox forms of this metal in oxygenated seawater,
although Mn(III) also occurs as soluble chelates with organic
ligands in some environments (e.g., hypoxic waters; Trouwborst
et al., 2006). These oxides can be reduced chemically and pho-
tochemically to dissolved Mn(II), which is highly soluble and is
not bound appreciably by organic ligands (Sunda and Huntsman,
1994). Although Mn(II) is unstable with respect to oxidation by
molecular oxygen (O,), the chemical kinetics of this reaction are
exceedingly slow in seawater (with a halflife of 500 yearsat pH 8.1),
allowing Mn(II) to persist despite its thermodynamic instability
(Morgan, 1967). Enzymes present within the outer polysaccharide
sheath of certain bacteria, catalyze Mn(II) oxidation to Mn(IV)
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FIGURE 4 | Plots of concentrations of (A) Zn, (B) Cd, (C) Ni, and (D) Cu
vs phosphate within the nutricline of the northeast Pacific (upper
800-1000 m) at stations H-77 and C-l (Bruland, 1980).

oxides (Tebo et al., 2004; Anderson et al., 2009), a reaction which
appears to account for virtually all Mn(II) oxidation in marine
waters (Emerson et al., 1982; Sunda and Huntsman, 1988). The

bacterial formation of Mn oxides, and their subsequent removal
via particle settling results in short residence times and low-Mn
concentrations in deep ocean waters as noted earlier (Figure 2H).
In the ocean’s surface mixed layer, oxidation is greatly diminished
owing to photo-inhibition of the Mn-oxidizing bacteria while
Mn oxides are dissolved by photo-reduction to Mn(Il; Sunda
and Huntsman, 1988, 1994; Moffett, 1990). In the southwestern
Sargasso Sea, Mn oxidation rates increased from undetectable lev-
els (<0.2% day™!) in the surface mixed layer to 3.3% day~! at
160 m just below the chlorophyll maximum (Sunda and Hunts-
man, 1988). By contrast, estimated rates of Mn oxide reductive
dissolution decreased from ~70% to 8.5% day ™! over this same
depth interval. The combination of decreased Mn(II) oxidation
rates and increased rates of Mn oxide reductive dissolution caused
alarge decrease in Mn oxide concentration between 160 m and the
surface and a concomitant four- to fivefold increase in dissolved
Mn(II). Similar high concentrations of dissolved Mn(II) in surface
seawater are widespread in the ocean (Figure 2H), enhancing the
supply of Mn needed to support algal photosynthesis (Sunda and
Huntsman, 1988).

The chemical behavior of iron, biologically the most important
trace metal nutrient, is arguably the most complex. In oxygenated
seawater its stable oxidation state Fe(III) forms sparingly soluble
iron hydroxide and oxide precipitates, whose solubility, lability,
and biological availability decreases with oxide aging (Wells et al.,
1991; Kuma et al., 1996; Lui and Millero, 2002; Yoshida et al.,
2006). This oxide formation and the tendency of ferric ions to
adsorb onto particle surfaces results in low deep ocean concentra-
tions (0.4-0.8 nM; Johnson et al., 1997; Boyd and Ellwood, 2010)
despite iron’s high crustal abundance (it is the fourth most abun-
dant element by weight). Most (>99.9%) of the filterable Fe(III)
in seawater is strongly bound to complex mixtures of organic lig-
ands (Gledhill and van den Berg, 1994; Rue and Bruland, 1995;
Buck and Bruland, 2007; Gledhill and Buck, 2012). This organic
complexation minimizes iron adsorption and precipitation, and
thus reduces iron removal from seawater by particulate scaveng-
ing processes (Johnson et al.,, 1997). Titrations utilizing ligand
competition/cathodic stripping voltammetry reveal two classes of
iron chelating ligands in near-surface seawater, a high-affinity class
(L) and lower affinity class (L;), with most of the filterable iron
bound to the L class (Rue and Bruland, 1995; Cullen et al., 2006;
Table 1). However in deeper water (>500m) only L; class lig-
ands are detected (Table 1), suggesting that they are produced by
biological processes in the productive surface layers of the ocean.
The two ligand classes and their iron chelates exist in both solu-
ble (i.e., dissolved) and colloidal (0.02—0.4 jum size range) phases,
with most of the ligands present in the soluble phase and some of
the colloidal iron being inert to ligand exchange (Wu et al., 2001;
Cullen et al., 2006).

The identity of the two ligand classes is yet to be determined
(Vraspir and Butler, 2009; Gledhill and Buck, 2012). Many of
the high-affinity ligands may be bacterial siderophores, strong
ferric chelators produced by bacteria to solubilize iron and facil-
itate its intracellular uptake (Macrellis et al., 2001). Individual
siderophores, largely in the hydroymate class, have been identi-
fied in ocean waters, but their concentrations account for only a
few percent of the strong iron-binding ligands (Mawji et al., 2008,
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Table 2 | Comparison of slopes of nutrient metal to phosphate plots for station H-77 (Bruland, 1980) in the northeast Pacific with metal:P ratios
in net plankton (Martin et al., 1976) and metal:C ratios in cultured marine algae.

Metal Depth P range M vs P slope Intercept R2 (n) M:P of net plankton  M:C from slopes* M:C in cultured
range (m)  (LM) (mmol mol~1)  (nM) (mmol mol-1) (wmol mol=1) algae

Zn 185-780 0.81-3.27  2.32+0.06 —1.62+0.14 0998 (4) 19+16 222406
0-185 0.06-0.81 0.33+0.04 0.07+0.02 0.987 (3) 3.1+04 3.7(2.2-5.5)"

Cd 75-975 0.18-3.33  0.324+0.01 —0.06+£0.03 0.994 (6) 0.43+0.14 3.0+£0.1 2.5-4.1"

Ni 0-780 0.06-3.27  1.93+0.10 236+020 0.989(6) 0.47+0.26 18.2+1.0

Cu 0-975 0.06-3.33  0.44+0.02 0.57+£0.04 0992(7) 0.41+0.13 4.2+0.2 4.440.68

*Based on a C:P for marine plankton of 106 (Redfield et al., 1963).

"Mean and range based on mean and range of [Zn'] computed from the Zn chelation data of Bruland(1989; see Table 1) and the Zn:C vs [Zn] relationship for the

oceanic diatom Thalassiosira oceanica (Figure 5).

fBased on the mean Cu:C in the diatoms T oceanica and T. pseudonana, and the coccolithophore Emiliana huxleyi at the mean log [CU'] in northeast Pacific ocean

water (—11.8, see Table 1, Sunda and Huntsman, 1995¢c).
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FIGURE 5 | Cellular Zn:C vs log [Zn’] in the oceanic diatom
Thalassiosira oceanica, the coastal diatom T. pseudonana, and the
oceanic coccoclithophore Emiliania huxleyi in seawater at 20°C based
on data from Sunda and Huntsman (1995a). These results are compared
with the mean and range (errors bars) of Zn:C measured at the same
temperature and a single [Zn'] in 15 different species of marine eukarotic
phytoplankton from five major algal groups (Ho et al., 2003). The log [Zn']
range for ocean water is shown based on data of Bruland (1989) (Table 1).

2011; Velasquez et al., 2011). The low measured abundance of
identifiable siderophores, however, may largely reflect our inabil-
ity to quantitatively isolate other more-abundant classes of marine
siderophores (e.g., catecholates and carboxylates) or reflect the
presence of a large number of yet to be identified siderophores
released by marine bacteria (Velasquez et al., 2011; Gledhill and
Buck, 2012). There is also evidence that humic substances com-
prise at least some of the iron-binding ligands in coastal and deep
ocean water and that many of these ligands may be derived from
rivers and sedimentary sources (Laglera and van den Berg, 2009;
Laglera et al., 2011). Other iron ligands with weak to moder-
ate binding strengths are released from biological sources (e.g.,
grazing, viral lysis, and algal or bacterial secretion) and include

porphyrins (Hunter and Boyd, 2007; Vong et al., 2007), acidic
polysaccharides (Hassler et al., 2011a,b), and secreted chelating
compounds such as domoic acid (Rue and Bruland, 2001).

Ferric iron can be reduced in seawater to highly soluble Fe(II)
(ferrous iron) by several processes, including, biological reduc-
tion at cell surfaces (Maldonado and Price, 2001; Shaked et al.,
2005), direct photolysis of ferric chelates (Kuma et al., 1992; Bar-
beau et al., 2001; Barbeau, 2006), reduction by photochemically
or biologically produced superoxide radicals (O} ; Voelker and
Sedlak, 1995; Rose et al., 2005; Kustka et al., 2005), or reduc-
tion within O, depleted zones in organic particles or aggregates
(Balzano et al., 2009). As a result up to 64% of the filterable iron
in near-surface seawater occurs as Fe(II), with the highest per-
centage observed during daytime near the surface, suggesting a
largely photochemical or algal source (Waite et al., 1995; Croot
et al., 2008; Roy et al., 2008; Shaked, 2008; Sarthou et al., 2011).
Because Fe(II) binds much more weakly to organic ligands than
Fe(III) and because direct photolysis of ferric chelates involves
oxidation and degradation of the ligand, the photo-reduction or
biological reduction of chelated-Fe(III) often results in dissoci-
ation of Fe(II) from the chelate (Barbeau, 2006; Figure 6). The
resulting soluble Fe(II) is unstable in the presence of O,, and
is re-oxidized to dissolved Fe(IIl) hydrolysis species [Fe(II')’],
which are then re-chelated by organic ligands (Sunda, 2001).
Because Fe(II)’ and Fe(Ill)'are continuously produced during
redox cycling, elevated steady state concentrations of each are
often established (Sunda and Huntsman, 2003), with Fe(II) res-
idence times that increase with decreasing temperature, pH, and
concentrations of oxidants (primarily O,; Santana-Casiano et al.,
2005). In air-equilibrated seawater at pH 8.0, computed resi-
dence times for Fe(I)’ range from 3.2h at 0°C to 2.2min at
30°C (Santana-Casiano et al., 2005). There is evidence for Fe(II)
chelation by unidentified organic ligands, which retards oxidation
rates in some regions (Croot et al., 2008; Roy et al., 2008) and
increases them in others (Roy and Wells, 2011), apparently linked
to differences in the chemical nature of the complexing ligands.
The nature and degree of organic complexation of Fe(II) needs
to be quantified as it not only affects redox cycling of iron, but
may also influence iron uptake by phytoplankton (Shaked and Lis,
2012).
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FIGURE 6 | Photo-redox cycling of ferric chelates (Fe(lll)L), such as
photoactive siderophore complexes. The cycle is initiated by the
absorption of light by the ferric chelate and a subsequent photolytic reaction
in which the iron is reduced to Fe(ll) and the ligand is oxidized. The Fe(ll)
dissociates from the degraded chelate to give dissolved inorganic ferrous
species (Fe(ll)’) which are then rapidly oxidized to dissolved inorganic ferric
hydrolysis species (Fe(lll)') by molecular oxygen and hydrogen peroxide. The
Fe(lll)" is then re-chelated by the ligand to reform the ferric chelate. The
cycle increases the uptake rate of iron by algal cells by increasing the
steady state concentrations of biologically available Fe(ll) and Fe(lll). The
transport system T directly accesses Fe(ll) and indirectly accesses Fe(lll)
by reduction to Fe(ll)'. Once inside the cell, much of the iron is used for
synthesis of cytochromes (Cyt) and Fe-S redox centers, needed in high
amounts in photosynthesis.

Thus, iron undergoes a dynamic redox cycling in surface sea-
water, which can greatly enhance its biological availability to
phytoplankton by increasing concentrations of highly available
dissolved inorganic Fe(II)’ and Fe(III)" species (Anderson and
Morel, 1982; Sunda, 2001; Maldonado et al., 2005; Fan, 2008;
Figure 6). The photochemical enhancement of iron uptake by
phytoplankton increases with decreasing temperature because the
photolysis of Fe(III) chelates should be largely insensitive to tem-
perature while the oxidation rates of photochemically produced
Fe(1I) to dissolved Fe(III)’ slows as does the re-chelation of Fe(I1I)
by organic ligands (Sunda and Huntsman, 2011; Figure 6). These
slower reoxidation and re-chelation rates at lower temperatures
increases the steady state concentrations of the highly biologically
available Fe(II)" and Fe(III)" species in the presence of sunlight,
as shown for ferric complexes with the synthetic chelator EDTA
(Sunda and Huntsman, 2003, 2011). This enhanced photochemi-
cal effect should increase the availability of iron to phytoplankton
in iron-limited polar regions such as the Southern Ocean, and
without this effect, these regions might experience even more
severe iron limitation.

Other micronutrient metals such as Cu and Co also exist in
different oxidation states and are heavily chelated by organic
ligands. Copper can exist in seawater as thermodynamically sta-
ble Cu(Il), or as instable Cu(I) (Moffett and Zika, 1988). Most
(>99%) of the Cu in near-surface seawater is heavily chelated
by strong organic ligands (log K¢, 1, =12-15) present at low

concentrations (2-6 nM in open ocean waters), which decreases
Cu(Il) concentrations to very low levels (0.001-10 pM; Coale and
Bruland, 1990; Moffett, 1995; Moffett and Dupont, 2007; Buck
et al., 2010; Table 1). Different electrochemical methods show
consistent strong chelation of Cu in surface waters; however, in the
deeper waters of the North Pacific (>200m) the results diverge,
with differential pulse anodic stripping voltammetry showing a
complete loss of the strong L; ligand class at depths below 200 m,
while ligand competition/cathodic stripping voltammetry shows
continued strong complexation of copper by this ligand class down
to at least 2500 m (Coale and Bruland, 1988, 1990; Moffett and
Dupont, 2007). The reasons for these analytical differences are not
known, but may be related to a change in the nature of the ligands
and possibly the oxidation state of the bound copper between the
surface and deeper waters (Moffett and Dupont, 2007).

Cu(Il) can be reduced to Cu(I) by photochemical processes
(Moffett and Zika, 1988), reduction at cell surfaces (Jones et al.,
1987) or by reaction with chemical reducing agents, such as sulfur
containing organic ligands (Leal and van den Berg, 1998). In sur-
face waters, the resulting Cu(I) is re-oxidized by reaction with O,
on time scales of minutes and steady state Cu(I) concentrations
can comprise 5-10% of the filterable copper (Moffett and Zika,
1988; Sharma and Millero, 1988). However, the effect of this redox
cycling on the biological availability of copper is not known.

The chemistry of cobalt is also highly complex. Cobalt exists
in seawater as soluble Co(II) or as Co(III), which forms insol-
uble oxides at the pH of seawater. The formation of these oxides
appears to be microbially mediated and may be largely responsible
for the removal of this metal from deep ocean waters (Tebo et al.,
1984; Moffett and Ho, 1996; Figure 3D). Much of the filterable
Co in seawater (up t0100%) is strongly bound to organic ligands
(Ellwood and van den Berg, 2001; Saito and Moffett, 2001; Saito
etal., 2005). The conditional stability constant(s) for the Co com-
plexes is extremely high (1015 to >10'08 M), consistent with
Co binding as kinetically inert Co(III) chelates (Saito et al., 2005).

CELLULAR UPTAKE PROCESSES

Trace metal nutrients, like major nutrients, are taken up intra-
cellularly by specialized transport proteins on the cytoplasmic
membrane of algal cells. Consequently, uptake rates generally
follow Michaelis Menten enzyme kinetics

Uptake rate = Ymax[M] (1)
(Ks + [M])

as observed for Mn, Fe, Zn, and Cu (Sunda and Huntsman, 1986,
1998a; Hudson and Morel, 1990; Lane et al., 2008; Guo et al.,
2010). In Eq. 1 Vax is the maximum uptake rate, [M] is the con-
centration of chemical species that react with receptor sites on the
transport protein (and thus are bioavailable by definition), and K
is the [M] at which half of the transport sites are bound to the
nutrient metal and the uptake rate is half of V.. Virtually all
of these proteins act as pumps and require energy for intracellu-
lar transport. With some exceptions, the binding of metals to the
receptor sites on these proteins is determined by the concentra-
tion of free aquated metal ions or in many cases, the concentration
of kinetically labile dissolved inorganic species, M’ (aquated metal
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ions and inorganic complexes with C1~, OH ™, and CO?; Hudson
and Morel, 1993; Sunda and Huntsman, 1998b). Thus, chelation
by organic ligands generally decreases metal uptake and chemical
speciation is extremely important in regulating the cellular uptake
of metals (Hudson, 1998).

Although Eq. 1 is relatively simple, its application is not entirely
straight forward. One complicating factor is that the relevant
substrate concentration, [M], is that at the surface of the cell mem-
brane, which can be much less than that in bulk seawater in cases
where the uptake rate approaches the maximum rate of diffusive
flux of available metal species to the cell surface (Hudson and
Morel, 1993). This indeed occurs for uptake of Zn and Co(II)
by small diatoms and coccolithophores (3.5-6 wm diameter) at
low Zn’ and Co’ concentrations (Sunda and Huntsman, 1995a;
Figure 7). Since diffusive flux per unit of cell biovolume varies
with the inverse square the cell diameter, diffusion limitation of
uptake intensifies substantially as the cell size increases, and can
be a major impediment for the uptake of some nutrient metals
(Zn, Co, Fe) in larger cells (Hudson and Morel, 1993; Sunda and
Huntsman, 1995a; Sunda, 2001). Another complicating factor is
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FIGURE 7 | Cellular uptake rates for Zn, Co, and Cd (normalized per
mol of cell carbon) for the oceanic diatom Thalassiosira oceanica
plotted as a function of the log,, of the molar concentration of
dissolved inorganic zinc species (Zn’). Concentrations of Cd’ and Co’
were held constant at 2.7 and 1.5 pM, respectively, within the range of
values for near-surface ocean water (Bruland, 1992; Saito et al., 2004).
Uptake rates for Cd and Co increase by at least two orders of magnitude
when Zn' concentrations decrease below 10-° M. The large increase in
uptake rates reflect the induction of a high-affinity cellular transport system
(or systems) for Cd and Co in response to declining intracellular Zn levels or
transport of the two metals into the cell by an inducible high-affinity Zn
transport system. Data are from Sunda and Huntsman (2000).

that the Vax of metal uptake systems is often under negative
feedback regulation by the cell and can decrease substantially with
increases in [M'] and intracellular metal pools (Sunda and Hunts-
man, 1992, 1998b). This behavior can be particularly problematic
in fitting Eq. 1 to the results of short-term metal uptake experi-
ments as the Vi, of the transport system investigated can vary
during the course of the experiment (Sunda and Huntsman, 1985,
1986, 1992). A final complicating factor is that the values of K,
can increase and V¢ decrease with increasing concentrations of
competing metals that bind with and are taken up intracellularly
by the transport system, as occurs for Cu, Cd, and Zn inhibition
of Mn uptake and Cu inhibition of Zn uptake (Sunda and Hunts-
man, 1996, 1998¢). All of these complicating factors must be taken
into account for the proper application of the Michaelis Menten
equation to laboratory and field metal uptake data.

Uptake systems are highly variable and range from simple to
highly complex depending on the chemical speciation of the metal,
its biological demand (requirement) relative to its seawater avail-
ability, and the range of concentrations of available metal species.
Uptake systems appear to be simplest for dissolved Mn(II), which
is taken up in phytoplankton by a single high-affinity transport
system (Ks=15-140nM Mn’') that is under negative feedback
regulation (Sunda and Huntsman, 1985, 1986). In this negative
feedback, as the concentration of Mn(II)’ decreases, the V pax of
the transport system is increased to maintain relatively constant
Mn uptake rates and intracellular Mn concentration. This constant
regulated cellular Mn level is two to four times higher than that
needed to support the maximum growth rate, providing a buffer
against decreasing Mn’ concentrations ([Mn’]) or increases in cel-
lular demand, as occurs with decreasing light intensity (see below).
At sufficiently low [Mn'] the V yax values reach a maximum con-
stant value and the cellular Mn uptake rate and intracellular Mn
concentration decreases with further decreases in [Mn'] causing
Mn-limitation of growth rate.

Uptake systems for Zn, Cd, Co, and Cu are more complex.
Like that of Mn(II), algal uptake of these metals is believed to be
related to the concentration of dissolved inorganic metal species
(M’ =2Zn’,Cd’, Co’, and Cu’) and metal chelates are generally not
directly available for metal uptake, with the exception of some Cu
chelates at low Cu’ levels (Hudson, 1998; Sunda and Huntsman,
1998b; Guo et al.,, 2010). The phytoplankton species examined
to date have at least two separate Zn transport systems, a low-
affinity system whose V. is relatively constant, and an inducible
high-affinity system, whose affinity (1/K;) and Vi, increase with
decreasing Zn’ concentration ([Zn’]) and decreasing intracellular
Zn (Sunda and Huntsman, 1992). The low-affinity system has
higher V ax and K values and transports Zn at high [Zn']. The
inducible high-affinity system is responsible for Zn uptake at low
[Zn']. Atvery low [Zn'] (<10 pM), Zn uptake approaches limiting
rates for the diffusion of Zn’ species to the cell surface, and conse-
quently the Zn uptake rate is proportional to [Zn’] in the medium
(Sunda and Huntsman, 1992, 1995a; Figure 7). Similar biphasic
high and low-affinity uptake systems, whose high-affinity uptake
system is under negative feedback regulation, are observed for Cu
in an oceanic diatom (Guo et al., 2010). The existence of high and
low-affinity transport systems results in sigmoidal relationships
between uptake rates for Zn and Cu (and cellular Zn:C and Cu:C
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ratios) and Zn" and Cu’ concentrations (Figures 4 and 7; Sunda
and Huntsman, 1992, 1995a,c).

Co and sometimes Cd can metabolically substitute for Zn in
many Zn enzymes such as carbonic anhydrase (Price and Morel,
1990; Lane and Morel, 2000; Xu et al., 2008). To facilitate this
substitution, the uptake of these divalent metals is increased by
over 100-fold in diatoms and coccolithophores with decreasing
[Zn'] in the external medium and decreasing cellular Zn (Figure 7;
Sunda and Huntsman, 1995a, 2000). Uptake of Cd and Co by this
inducible transport system (or systems) is down-regulated at high
[Zn'] and intracellular Zn levels (Figure 7). Under these condi-
tions, Cd is taken up into the cell by the cellular Mn(II) transport
system (Sunda and Huntsman, 1996, 2000) or a putative Fe(II)
transport system (Lane et al., 2008), and consequently, is inversely
related to concentrations of Mn(II) and Fe(II)’. Thus, cellular
uptake of Cd in the ocean is regulated by complex interactions
among dissolved concentrations of Cd’, Zn’, Mn(Il)’, and Fe(II)’
(Sunda and Huntsman, 2000; Cullen and Sherrell, 2005; Lane et al.,
2009). Likewise, since Co uptake is repressed at high [Zn’], biologi-
cal removal of Co often does not occur until after Zn is depleted, as
observed in the subarctic Pacific (Figure 8; Sunda and Huntsman,
1995a).

Iron is the most limiting trace metal nutrient, and its chemistry
is arguably the most complex. As noted earlier, iron is highly bound
in seawater as ferric chelates and ferric ions associated with various
particulate phases such as Fe(III) oxyhydroxides. Early evidence
suggested that cyanobacteria and eukaryotic marine algae utilized
fundamentally different uptake systems to access this bound iron
(Wilhelm and Trick, 1994; Hutchins et al., 1999). Both cyanobac-
teria and heterotrophic bacteria were thought to utilize primarily
siderophore uptake systems, in which high-affinity Fe(III)-binding
ligands (siderophores) were released extracellularly, followed by
intracellular uptake of the resulting ferric-siderophore chelates
(Martinezetal.,2000; Sandy and Butler,2009). Siderophore uptake
systems are widespread in terrestrial and enteric bacteria, and may
also be common in sedimentary and particle-associated marine
bacteria (Sandy and Butler, 2009). However, recent genomic data
from cultures and natural communities shows little evidence
for proteins involved in siderophore biosynthesis or for cellu-
lar uptake of ferric-siderophore chelates in the picocyanobacteria
(Synechococcus and Prochlorococcus) that often dominate open
ocean phytoplankton communities, or by major oceanic N;-fixing
cyanobacteria such as Trichodesmium or Crocosphaera (Hopkin-
son and Morel, 2009; Hopkinson and Barbeau, 2012). Instead
these species possessed a high abundance of Fe’* ATP binding
cassette (ABC) transporters, which can acquire iron from ligand
exchange reactions with dissolved labile Fe(III) species such as
Fe(III)’ (Hopkinson and Barbeau, 2012). A reductive step, how-
ever, may be required to free the iron from ferric chelates, prior to
its uptake (Rose et al., 2005; Kranzler et al., 2011; Shaked and
Lis, 2012), and many marine cyanobacteria also possess non-
specific metal transporters that transport Fe(II) and other divalent
metals (Hopkinson and Barbeau, 2012). A coastal Synechococ-
cus isolate produced a suite of siderophores (synechobactins),
which like many other marine siderophores, are both photoreac-
tive and amphiphilic (Ito and Butler, 2005). But how widespread
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FIGURE 8 | Plots of filterable Zn and Co vs phosphate concentrations
at two stations in the subarctic Pacific (Station T-5, 39.6°N, 140.8W and
Station T-6, 45.0°N, 142.9°W, August 1987). The decrease in zinc with
decreasing phosphate is caused by the simultaneous removal of both
metals via cellular uptake and assimilation by phytoplankton. Cobalt
decreases with decreasing phosphate only after zinc concentrations drop to
very low levels (<0.2 nmolkg™"). This pattern is consistent with metabolic
replacement of Co for Zn, as observed in phytoplankton cultures (see
Figure 5). Data plots after Sunda and Huntsman (1995a).

such siderophore production is in coastal cyanobacterial species is
currently unknown (Hopkinson and Morel, 2009).

Eukaryotic phytoplankton do not appear to produce
siderophores and there is little evidence for the direct cellular
uptake of ferric-siderophore chelates (Sunda, 2001). Instead there
is mounting evidence for the utilization of a high-affinity trans-
port system that accesses a variety of Fe(III) coordination species
(including Fe(IIT) and ferric chelates) via reduction to Fe(II; Mal-
donado and Price, 2001; Kustka et al., 2007; Amin et al., 2009;
Strzepek et al., 2011). The released Fe(II)’ binds to Fe(II) recep-
tors on specific transmembrane proteins, which transport the iron
into the cell. This intracellular transport involves the reoxida-
tion of bound Fe(II) to Fe(III) by a copper protein (a multi-Cu
oxidase; Maldonado et al., 2006). The ability of this transport
system to access iron is dependent on the ease of reduction of
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ferric complex species, which is inversely related to the stabil-
ity of the Fe(III) coordination complex (Maldonado and Price,
2001). Weakly complexed ferric hydrolysis species Fe(III) are
reduced at orders of magnitude higher rates than strongly bound
Fe-siderophore chelates, and are thus much more accessible for
cellular uptake (Shaked et al., 2005; Morel et al., 2008). Likewise
Fe(III) colloids are less available because of their slow diffusion
kinetics within the cell’s diffusive boundary layer and because
interior ferric ions within the colloid are not readily accessible
for reduction and subsequent release as dissolved Fe(II). As a con-
sequence, iron uptake by this system is highly dependent on the
chemical speciation of iron in seawater, and increases in dissolved
Fe(IT)' or Fe(III)’ concentrations can considerably increase the bio-
logical availability of iron (Hudson and Morel, 1990; Morel et al.,
2008). Photo-reductive dissociation of ferric chelates increases
iron uptake by diatoms and other eukaryotic algae by increas-
ing steady state Fe(II)’ and PFe(IlI)’ concentrations, as shown
in culture experiments with photolabile ferric complexes with
synthetic chelators (e.g., ethylenediaminetetraacetic acid, EDTA;
Anderson and Morel, 1982; Sunda and Huntsman, 2011), marine
siderophores (Barbeau et al., 2001; Amin et al., 2009), and sugar
acids (Ozturk et al., 2004; Figure 6). Similarly, in an incubation
experiment in the Southern Ocean, natural planktonic assem-
blages exhibited higher iron uptake rates from an added photoac-
tive siderophore (°” Fe-aerobactin) in the presence of sunlight than
from a non-photoactive one (°”Fe-desferrioximine b; Buck et al.,
2010).

In other recent iron uptake experiments in Southern Ocean
waters, the pre-equilibration of >>Fe-labeled iron with the mono-
saccharide glucuronic acid increased the uptake of the radiolabeled
iron by ~2-fold compared to the uptake observed when iron was
added by itself (Hassler et al.,2011Db). Similar enhanced uptake was
observed with the addition of polysaccharides. These effects may
be attributed to the formation of more biologically available weak
organic chelates (Hassler et al., 2011b; Benner, 2011). However as
noted above, dissolved ferric chelates and coordination complexes
of adsorbed sugar acids and polysaccharides on the surfaces of
iron oxyhydroxides can undergo photolysis and subsequent iron
redox cycling, which should increase Fe(IT)’ and Fe(III)’ concen-
trations (Kuma et al., 1992; Ozturk et al., 2004; Steigenberger et al.,
2010), thereby providing a plausible alternative explanation for the
observed results. The influence of mono and polysaccharides on
iron chemistry, photochemical redox cycling, and bioavailability
needs further investigation given the high abundance of these com-
pounds in dissolved and colloidal marine organic matter and the
widespread production of extracellular polysaccharides by marine
phytoplankton and bacteria (Steigenberger et al., 2010; Benner,
2011; Hassler et al., 2011a,b).

CELLULAR TRACE METAL QUOTAS AND METAL:CARBON
RATIOS

The trace metal concentration in algal cells normalized to cell
volume or to cell carbon is not only dependent on the rates of intra-
cellular metal uptake by transport systems (as discussed above) or
adsorption on cell surfaces (Tovar-Sanchez et al., 2003), but also
by the rate of biodilution by new biomass or cell carbon (Sunda
and Huntsman, 1998b). The rate of change in cellular metal per

mole of cell carbon (dQ/dt) equals the cellular uptake rate Vi
(normalized to cell carbon) minus the rate of biodilution, which
equals the net specific rate of C-fixation (ju.) times the cellular
metal:C ratio (Q):

d
d—? — Vot - 1eQ @)

At steady state dQ/dt = 0 and the equation collapses to:

e

Q (3)

Based on these equations, any factor that decreases growth rate
but has no or a lesser effect on the metal uptake rate will increase
the cellular metal:C ratio. This is seen in the response of cell Fe:C,
Mn:C, and Zn:C ratios in diatoms and dinoflagellates to light lim-
itation of growth rate, where a 60—70% decrease in specific growth
rate with a decrease in light intensity from 500 to 50 umol quanta
m~2 57! increased the cell metal:C ratios by two- to threefold for
a given [M'] (Sunda and Huntsman, 1997, 1998¢c, 2005). For Mn
and Fe, the higher Mn:C and Fe:C values helped the cells to pho-
toacclimate to the low light conditions (see Fe and Mn sections
below and Figure 9), and for Zn, the higher Zn:C ratio lowered
the [Zn'] needed to achieve maximum growth rate. However, as
discussed previously, decreasing light can also decrease Fe and
Mn uptake rates by decreasing [Fe'] and [Mn(II)] levels, so the
overall effect of lower light may still be to lower cell Fe:C and
Mn:C ratios (Sunda and Huntsman, 2011). Temperature, another
major growth-controlling factor, could potentially also affect cellu-
lar M:C ratios, but in the one case examined to date, a temperature
decrease from 20 to 10°C caused similar decreases in Vy; and
specific growth rate (at constant [Fe']) so there was no effect on
cellular Fe:C ratios (Sunda and Huntsman, 2011).

Equations 2 and 3 also have important implications for diel
changes in cellular M:C ratios. Carbon is photosynthetically fixed
only during the day (and a portion is respired at night), but metal
uptake can continue during both the light and dark period (Sunda
and Huntsman, 2004). Consequently, cellular M:C ratios should
decrease during the light period and increase at night. In agree-
ment with this prediction, the cell Fe:C ratio in an iron-limited
diatom (Thalassiosira pseudonana) growing at a specific rate of
1.6day~! decreased by 60% (from 63 to 25 pumol Fe mol C™1)
from the beginning to the end of the 14 h light period (Sunda
and Huntsman, 2004). This result was for a metal chelate system
(Fe-nitrilotriacetic acid) with no photochemical enhancement of
[Fe'] during the day, and the diel effect can be less or even reversed
in marine systems with substantial photochemical redox cycling
of iron (Sunda and Huntsman, 2004). For Zn, Co, Cd, and Ni,
where photochemical cycling does not occur, the cellular M:C
ratios should also decrease during the light period. This effect was
observed in the diatom T. pseudonana where cell Zn:C decreased by
twofold over the course of the light period (Sunda and Huntsman,
2004).

Metal uptake rates invariably increase with the concentration
of available metal as observed for Zn uptake in the oceanic diatom
Thalassiosira oceanica (Figure 7). For this diatom and the coccol-
ithophore Emiliania huxleyi the specific growth rate is unaffected
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FIGURE 9 | Effect of light on cellular growth requirements for (A) iron
and (B) manganese in the coastal diatom Thalassiosira pseudonana at
20°C. (A) Relationships between specific growth rate and Fe:C molar ratio for
cells growing under a 14:10 h light:dark cycle at light intensities of 500 (black
triangles), 85 (green triangles), and 50 (blue triangles) wmol photons m=—2s~'.
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Open diamonds give data for cells growing at the highest light intensity
(500 wmol photons m=2s7') but a 50% shorter daily photoperiod (7 h). (B)
Relationships between specific growth rate and cellular Mn:C molar ratio for
cell growing under a 14:10 h light:dark cycle at light intensities of 500 (black
circles), 160 (red circles), and 90 (green circles) pmol photons m=—2s~".

over most the oceanic [Zn’] range (log [Zn'] =—11.8 to —8.7).
Consequently, the cellular Zn:C is proportional to the cellular Zn
uptake rate, and increases with increasing [Zn'] (see Figures 5
and 7).

Cellular metal:C ratios can vary substantially among species.
The cell Zn:C was two- to fivefold higher in the coccolitiophore E.
huxleyi than the diatoms T. oceanica and T. pseudonana, depend-
ing on the [Zn’] in the culture medium (Sunda and Huntsman,
1995a; Figure 5). Data of Ho et al. (2003) are consistent with
those of Sunda and Huntsman (1995a) and show a 10-fold varia-
tion in Zn:C ratios in 15 different marine algal species representing
five major algal groups (Figure 5). Even larger variations of 13-,
71-, and 50-fold, respectively, were observed for Cu:C, Co:C, Cd:C
ratios in these same algal species grown at a constant set of [M’]
values (Ho et al., 2003).

Recent advances in synchrotron X-ray fluorescence microscopy
has allowed measurement of metal:P and metal:S ratios in sin-
gle cells for a wide array of trace metals. As in the above culture
data, large intriguing variations were observed in different algal
cells and cell types present in the same water samples (Twining
etal., 2004, 2010,2011). In a recent study in the equatorial Pacific,
diatoms had sevenfold higher Ni:P ratios and fourfold higher Fe-P
and Zn:P ratios than autotrophic flagellates (e.g., coccolithophores
and dinoflagellates), but had 2.5-fold lower Co:P ratios (Twining
etal., 2011).

Cells have the capacity to take up iron and other nutrient
metals in far excess of that needed to support growth and metab-
olism, which helps them to take advantage of pulsed inputs, such
as episodic increases in aeolian iron deposition associated with
large desert dust storms (Sunda and Huntsman, 1995b; Marche-
tti et al., 2006). This “luxury” uptake also protects cells from
future declines in metal availability as blooms develop or to
increases in metabolic demand for iron and other metals linked
to decreases in light or increases in temperature (Sunda and
Huntsman, 2011). In addition, because of a certain degree of
non-specificity of transport systems, many reactive trace metals

(including metal nutrients, e.g., Cu and Cd), can leak into cells
via the transport systems for other metal nutrients such as Mn
and Zn (Sunda and Huntsman, 1996, 1998c). Within the cell
unchelated redox active metals such as iron and copper can medi-
ate the formation of toxic reactive oxygen species (e.g., hydroxyl
radicals via Fenten chemistry) and reactive metals such as Cu,
Cd, and Zn can adventiciously bind with coordination sites of
proteins or displace nutrient metals from their active sites in met-
alloproteins (Hartwig, 2001; Valko et al., 2005). Consequently,
it is essential that “excess” concentrations of these metals be
sequestered within algal cells to prevent metal toxicity or inhibi-
tion of metabolism (Finney and O’Halloran, 2003). Excess iron
not occurring in metabolic proteins is bound within the iron
storage protein ferritin in the pennate diatom Pseudo-nitzschia
(Marchetti et al., 2009), and in Dps protein (another member
of the ferritin protein family) in the N;-fixing cynaobacterium
Trichodesmium (Castruita et al., 2006). Both of these algae have
unusually high storage capacities for excess iron (Kustka et al,,
2003a; Marchetti et al., 2006). Many marine picocyanobacteria
(e.g., Synechococcus) possess genes for Dps or bacterioferritin iron
storage proteins although the actual presence of these proteins
has not yet been verified (Scanlan et al., 2009). Other marine
eukaryotic phytoplankton such as centric diatoms also have sub-
stantial capacities to store excess intracellular iron (Sunda and
Huntsman, 1995b), but the means by which they do so remains
unclear.

High intracellular levels of Cd or Cu in a variety of eukaryotic
phytoplankton are bound by phytochelatins, a set of sulthydryl
containing chelating ligands found in terrestrial plants, microal-
gae, and fungi. These ligands consist of small polymers of
glutathione with the structure (y-glutamate-cysteine)n-glycine,
where n=2-11 (Ahner et al., 1995; Ahner and Morel, 1995; Ahner
et al., 1997). Although low basal levels of these cellular chelators
existin cells, the cellular synthesis of phytochelatins is up-regulated
by exposure to high concentrations of toxic nutrient or non-
nutrient metals (e.g., Cd, Cu, or Hg) or low levels of competing
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metal nutrients such as Zn or Mn, which promote increased
cellular Cd or Cu uptake (Ahner et al., 1998; see Figure 7).

METABOLIC METAL REQUIREMENTS AND THEIR RELATION
TO OTHER LIMITING RESOURCES

Trace metal nutrients are essential for the metabolism, growth,
and reproduction of all marine phytoplankton. They play essen-
tial roles in photosynthetic C-fixation, respiration, N;-fixation,
and the uptake and metabolic assimilation of major nutrient ele-
ments (N, P, and C). Thus the growth requirements of specific
metals are influenced by the availability of light and the concen-
tration and chemical forms of inorganic carbon, phosphorus and
nitrogen species. Of the trace metal nutrients, iron is needed in
the greatest amount for algal growth and most frequently limits
the growth of marine phytoplankton. It serves essential metabolic
functions in photosynthetic electron transport, respiration, nitrate
and nitrite reduction, sulfate reduction, N,-fixation, and detox-
ification of reactive oxygen species such as superoxide radicals
and hydrogen peroxide (Raven, 1988; da Silva and Williams, 1991;
Raven et al., 1999).

The major requirement for iron in phytoplankton and likely all
phototrophs is in the primary photochemical reactions of photo-
synthesis and associated photosynthetic electron transport (Raven,
1990; Strzepek and Harrison, 2004). To acclimate to low, sub-
saturating light conditions, phytoplankton increase the cellular
concentration of photosynthetic pigments, reaction centers, and
electron transport proteins and protein complexes, and to do this
they need an increased amount of cellular iron (Raven, 1990).
These iron-containing photosynthetic components include pho-
tosystem II (2-3 Fe), the cyt f/bg complex (5 Fe), photosystem I
(12 Fe), cytochrome c¢ (1 Fe), and ferredoxin (2 Fe; Raven et al.,
1999). This increased growth requirement for iron under low light
conditions has been confirmed in culture experiments (Sunda and
Huntsman, 1997, 2011; Strzepek and Harrison, 2004; Figure 9A).
Such interactions between light and iron limitation can lead to
iron-light co-limitation of algal growth in low light environments
such as occur with deep vertical mixing during winter at higher lat-
itudes (e.g., the subarctic Pacific and Southern Ocean; Maldonado
etal., 1999) and in the deep chlorophyll maximum near the bottom
of the photic zone in thermally stratified mid-ocean gyres (Sunda
and Huntsman, 1997; Hopkinson and Barbeau, 2008). Algal cells
acclimate similarly to a decrease in the photoperiod by increasing
their photosynthetic pigments and cellular iron requirement for
daily C-fixation and growth (Sunda and Huntsman, 2004, 2011;
Figure 9A). Such day length effects could contribute to a higher
level of iron limitation of phytoplankton growth during the shorter
days of the fall than during the spring at high latitudes.

Iron is also needed for the assimilation of important chemical
forms of nitrogen, which next to carbon is the second most abun-
dant nutrient element in the cell. Nitrogen limits the growth and
biomass of phytoplankton in roughly 60% of the ocean (Moore
et al.,, 2002, 2004) and the overwhelming majority of biologi-
cally available fixed nitrogen in deep ocean reservoirs occurs as
nitrate (Figure 2A). Nitrate is supplied to sunlit surface waters
by upwelling and vertical mixing of deep ocean waters, but to
utilize this substrate algal cells must first reduce it to ammo-
nium, a process catalyzed by two iron-containing enzymes: nitrate

reductase and nitrite reductase. In addition, both enzymatic reac-
tions require the input of cellular energy (adenosine triphosphate,
ATP) and reductant molecules (NADPH), and large amounts of
cellular iron are needed for their photosynthetic production. Based
on model calculations (Raven, 1988) and empirical measurements
(Maldonado and Price, 1996), algal cells growing on nitrate require
~50% more iron to support a given growth rate than do cells grow-
ing on ammonium. Consequently, iron can be especially limiting
in oceanic upwelling systems (such as the equatorial and subarctic
Pacific) where waters containing high nitrate concentrations, but
low-iron, are advected to the surface (Martin and Fitzwater, 1988;
Coale et al., 1996; Boyd et al., 2007). The low-iron concentrations
favor the growth of small phytoplankton, which are rapidly grazed
by microzooplankton, preventing blooms from developing, whose
formation ultimately must be supported by inputs of upwelled
nitrate (Price et al., 1991, 1994). The rapid grazing also supplies
recycled ammonium which is more efficiently assimilated by the
iron-limited cells. Thus the net population growth of such systems
can be viewed as being co-limited by iron and nitrate due to the
high iron requirement for nitrate utilization (Price et al., 1994).

A more important iron-nitrogen linkage is provided by the
large metabolic requirement for iron in N;-fixation. All eukary-
otic algae and most cyanobacteria are incapable of assimilating
N, which is present at a high concentration in the atmosphere
(a mole fraction of 0.81) and in all ocean waters. Certain marine
cyanobacteria, such as members of the genera Trichodesmium and
Chrocosphera, are able to enzymatically reduce N, to ammonium
(referred to as N,-fixation; Zehr, 2011). N,-fixation requires very
high amounts of cellular iron, and consequently, Trichodesmium
growing on N as a nitrogen source require up to five times more
cellular iron for growth than cells growing on ammonium (Kustka
et al., 2003a). This much higher iron requirement is partly caused
by the large amount of iron in the N;-fixation enzyme nitro-
genase, and the low catalytic rate of this enzyme (Kustka et al,,
2003b). However, it is also caused by the large amount of energy
in the form of ATP needed to break the N, triple bond (16 ATP per
N, molecule), which must be supplied either directly or indirectly
from photosynthesis. As a result of the high metabolic iron cost
and the low-iron concentrations in seawater, iron appears to limit
N,-fixation in large regions of the ocean, and along with denitri-
fication (respiratory reduction of NOj to N3), controls oceanic
inventories of fixed nitrogen (Rueter et al., 1992; Falkowski, 1997;
Kustka et al., 2003a; Sohm et al., 2011). Consequently, nitro-
gen is the primary limiting major nutrient in most ocean waters
(Moore et al., 2004), while in lakes, where iron concentrations are
much higher, phosphate is typically the primary limiting nutrient
(Schindler, 1977). Because the low level of fixed nitrogen in the
ocean is largely caused by iron limitation of N;-fixation, the ocean
can be viewed as being co-limited by iron and nitrogen.

Ocean N,-fixation is largely restricted to warm tropical and
subtropical waters (Moore et al., 2004; Zehr, 2011). N;-fixation
varies regionally in these waters and is greatest in areas receiving
high iron inputs from deposition of desert dust (or other conti-
nental sources), such as the subtropical North Atlantic, Arabian
Sea, and the western margin of the Pacific (Sohm etal.,2011). And
N, -fixation is lowest in the South Atlantic and South Pacific where
continental inputs of iron are low. N,-fixation in regions with high
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atmospheric iron inputs tend to be dominated by Trichodesmium,
which typically forms colonies 1-3 mm in diameter (Sohm et al,,
2011). The colonies are able to intercept iron-containing dust par-
ticles and physically transport them to the colony’s interior where
the iron is solubilized and assimilated by unidentified reductive
processes (Rueter et al., 1992; Rubin et al., 2011). The colonies can
vertically migrate at velocities exceeding 3m h™!, as enabled by the
large colony size and variations in specific gravity (Walsby, 1992).
This vertical movement increases the colony’s encounter frequency
with iron-containing dust particles, which further facilitates iron
uptake (Sunda, 2001).

In the mid-ocean waters of the subtropical and tropical Pacific,
continental inputs of iron are low as are iron concentrations,
and here N,-fixation is dominated by much smaller unicellular
cyanobacteria, such as Crocosphaera watsonii (Montoya etal., 2004;
Sohm et al., 2011). The much smaller cell size (2—6 wm diameter),
and attendant higher surface to volume ratios and higher diffu-
sive flux of soluble iron to cell surfaces (per unit of biomass)
help increase cellular iron uptake by these cyanobacteria in these
low-iron waters (Sunda, 2001). In addition, recent proteomic data
indicate that these cells undergo a large scale diel cellular cycle in
which a portion of the iron-containing proteins involved in photo-
synthesis are degraded near the end of the light period and the iron
released is then used to synthesize the iron-containing nitrogenase
needed for nighttime fixation of N, which is fueled by the ATP
produced from respiratory consumption of stored carbohydrates
(Saito et al., 2011). The nitrogenase proteins are then degraded
near the end of the dark period and the liberated iron is reused to
synthesize iron-containing photosynthetic proteins needed for C-
fixation. This cellular strategy is energetically expensive, but solves
two critical problems in iron-limited oceanic waters: it tempo-
rally separates N, -fixation and photosynthesis, and thereby avoids
poisoning of nitrogenase enzyme complex by photosynthetically
produced O; (Zehr et al., 2001); and equally important, it reduces
the cellular iron requirement for diazotrophic growth by ~40%
(Saito et al., 2011). The combination of higher iron uptake rates
related to small cell size and the lower cellular iron requirement
for diazotrophic growth provide a competitive advantage to Cro-
cosphaera in low-iron oceanic waters, such as those in vast regions
of the tropical and subtropical Pacific.

Due to iron limitation of C-fixation and N,-fixation in major
regions of the ocean, iron plays a significant role in regulating
carbon and nitrogen cycles in the ocean. It thus helps regulate
the biological CO; pump discussed earlier, which along with the
physical CO; pump, controls the ocean/atmosphere CO; balance
and CO;-linked greenhouse warming (Martin, 1990; Sigman and
Boyle, 2000). There is evidence that climatically driven variations
in the input of iron-rich continental dust to the ocean has played
an important role in regulating glacial-interglacial climate cycles
by influencing the intensity of the biological CO; pump (Martin,
1990; Falkowski, 1997; Martinez-Garcia et al., 2011).

Manganese may influence the growth and species composition
in certain low-Mn environments such as the subarctic Pacific and
Southern Ocean, where Mn additions have been observed to stim-
ulate algal growth in bottle incubation experiments (Buma et al.,
1991; Coale, 1991). Mn occurs in the water oxidizing complex
of photosystem II (which contains four Mn atoms), and thus is

essential for oxygenic photosynthesis. Consequently, like iron, it
is needed in higher amounts for algal growth at low light intensi-
ties (Raven, 1990; Sunda and Huntsman, 1998d; Figure 9B), such
as the bottom of the photic zone where Mn concentrations are
often lower than at the surface (Figure 2H). Mn also occurs in
superoxide dismutase, an antioxidant enzyme that removes toxic
superoxide radicals, produced as byproducts of photosynthesis
(Peers and Price, 2004; Wolfe-Simon et al., 2006). Because it has
fewer metabolic functions, its cellular growth requirement is less
than that for iron (Figure 9A, B).

Quantitative requirements for Zn in marine phytoplankton are
similar to those for Mn (Sunda and Huntsman, 1995a, 1998d). Zn
is needed in a variety of essential proteins needed for cell growth
and replication (da Silva and Williams, 1991). It occurs in carbonic
anhydrase (CA), an enzyme that catalyzes the reversible reaction:

HCO3 + H' < CO, + H,O (4)

Thus CA is critical to intracellular CO, transport and fixation
and is needed to support the cell's CO, concentrating mecha-
nism(s) (Badger and Price, 1994). Higher amounts of this enzyme
are needed at low CO, concentrations, leading to potential co-
limitation by Zn and CO; in the ocean (Morel et al., 1994; Sunda
and Huntsman, 2005). However, the ~40% increase in CO; in
the atmosphere and surface ocean waters from the burning of
fossil fuels makes Zn-CO; co-limitation less likely in the mod-
ern ocean than in pre-industrial times. Zinc occurs in zinc finger
proteins and RNA polymerase, involved in DNA regulation and
transcription, and in tRNA synthetase, involved in tRNA transla-
tion into proteins (da Silva and Williams, 1991). It is also found
in alkaline phosphatase, needed to acquire orthophosphate via
hydrolysis of organic phosphate esters, which dominate phosphate
pools in surface ocean waters with low P concentrations (Lomas
et al., 2010). Consequently, Zn and P may co-limit algal growth
in ocean regions where both nutrients occur at low levels such as
the Sargasso Sea (Wu et al., 2000; Shaked et al., 2006; Jakuba et al.,
2008). Zn additions have been found to stimulate algal growth
in bottle incubation experiments in the subarctic Pacific and in
some coastal upwelling regimes along the eastern margin of the
Pacific, but the effects were modest relative to those for added Fe
(Coale, 1991; Crawford et al., 2003; Franck et al., 2003). However,
Zn addition had a large effect on algal species composition, and
preferentially stimulated the growth of the coccolithophore E. hux-
leyi (Crawford et al., 2003), which has an unusually large cellular
uptake and growth requirement for Zn/Co (Sunda and Hunts-
man, 1995a; see Figure 5). E. huxleyi and other coccolithophores
are largely responsible for calcium carbonate formation and regu-
lation of ocean water alkalinity, which in turn influences the air-sea
exchange of CO; (Dymond and Lyle, 1985). Thus, by affecting the
growth of coccolithophores, Zn (and possibly Co, see below) could
indirectly affect atmospheric CO; and global climate.

Co and sometimes Cd can substitute for Zn in CA, alkaline
phosphatase and other Zn enzymes, leading to complex interac-
tions among the three metals in marine phytoplankton (Price and
Morel, 1990; Sunda and Huntsman, 1995a; Xu et al., 2007; Jakuba
et al., 2008; Saito and Goepfert, 2008; Figure 7). The presence
of Cd in CA appears to explain its nutrient-like distribution in
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ocean waters (Figure 2E), and the identification of a unique Cd-
CA enzyme in zinc-limited marine diatoms means that it functions
as a micronutrient in these microalgae (Park et al., 2007; Xu et al.,
2008). However, the substitution of Zn for Cd in this protein yields
amore catalytically active enzyme (Xu et al., 2008), suggesting that
Zn may have been evolutionarily the original metal center for this
enzyme.

Co also occurs in vitamin By, an essential vitamin required for
growth of many eukaryotic algal species (Croft et al., 2005). This
vitamin is synthesized by bacteria but not by eukaryotic phyto-
plankton, resulting in potential interactions among Co availability,
Bj;-production by bacteria and B;, -utilization by eukaryotic algae
in the ocean (Croft et al., 2005; Bertrand et al., 2007; Panzeca et al.,
2008). A specific requirement for Co not involving By, or a meta-
bolic replacement for Zn is seen in marine cyanobacteria, including
members of the genera Synechococcus and Prochlorococcus, but the
biochemical basis for this is not known (Sunda and Huntsman,
1995a; Saito et al., 2002). A similar Co-requirement for optimal
growth is observed in the bloom-forming prymnesiophytes E.
huxleyi (Sunda and Huntsman, 1995a; Jakuba et al., 2008) and
Chrysochromulina polylepis (Granéli and Risinger, 1994). Because
of its unique requirement by cyanobacteria, Co may influence
their growth in the ocean, as demonstrated by growth stimulation
of Synechococcus by added Co in the Costa Rico upwelling dome
(Saito et al., 2005).

Copper is also an essential micronutrient. It occurs along with
iron in cytochrome oxidase, the terminal protein in respiratory
electron transport that reduces O, to H,O (da Silva and Williams,
1991). And it occurs in plastocyanin, which substitutes for the
iron protein cytochrome ¢ in photosynthetic electron transport
in oceanic diatoms (Peers and Price, 2006), some cyanobacteria
(Scanlan et al., 2009), and the prymnesiophyte E. huxleyi (Guo
etal,, 2012). It is also an essential component of the high-affinity
iron transport system of at least some eukaryotic algae (Maldon-
ado et al., 2006; Kustka et al., 2007) and possibly some oceanic
cynaobacteria (Guo et al., 2012). Because Cu is needed for Fe
uptake and can metabolically substitute for Fe, co-limitations
can occur for Cu and Fe, as observed in diatom cultures (Peers
et al., 2005; Annett et al., 2008), and also in deck-board incuba-
tion experiments in iron-limited ocean water (Coale, 1991). These
co-limitations are most prevalent for oceanic algal species, where
substitutions of Cu proteins (plastocyanonin and Cu/Zn-SOD)
for iron enzymes (cytochrome cg and Fe-SOD) may help decrease
the Fe growth requirements of oceanic species (Annett et al., 2008;
Guo et al., 2012).

Nickel has only a minimal known usage in marine phytoplank-
ton. It serves as the active metal center in urease, which hydrolyzes
urea to ammonium. Consequently, it is essential for utilization of
urea, an important nitrogen source in N-limited oceanic waters
(Price and Morel, 1991). Recently a Ni-superoxide dismutase (Ni-
SOD) was found to occur in marine cyanobacteria, a dominant
group of picophytoplankton in open ocean waters (Dupont et al.,
2008a,b). This finding may explain the unusually high Ni:P ratios
in picoplankton (which were presumed to be cyanobacteria) in
the equatorial Pacific (Twining et al., 2011). The Ni-SOD findings
may be of significance evolutionarily as other forms of this critical
antioxidant enzyme, which contain other metals in their catalytic

centers (i.e., Fe-SOD, Mn-SOD, and Cu/Zn-SOD), are the main
SODs in eukaryotic algae and virtually all land plants and ani-
mals. Thus, the occurrence of Ni-SOD in oceanic cyanobacteria
may help to reduce the biochemical demand for other micronu-
trient metals (Fe, Zn, Cu, and Mn) which generally occur at lower
concentrations than Ni in surface ocean waters (see Figures 2
and 3).

Mo occurs with Fe in several key N-assimilation enzymes,
including nitrogenase and nitrate reductase (da Silva and Williams,
1991). Thus, it is important in the ocean’s nitrogen cycle; however,
it is unlikely to limit algal growth due to the high concentration of
molybdate ions in ocean water (105nM; Collier, 1985). In addi-
tion to the Fe-Mo enzyme, some N,-fixing bacteria also contain
other isoforms of nitrogenase, one that contains a homologous Fe-
S cluster without Mo in its active center and another that contains
Fe and vanadium (Boyd et al., 2011). Thus Mo is not absolutely
essential for N;-fixation. However, the Fe-Mo enzyme is at least
50% more catalytically active than either of the other two isoforms
which helps to minimize Fe-limitation of N;-fixation in the ocean
(Anbar and Knoll, 2002).

BIOLOGICAL FEEDBACK ON SEAWATER CHEMISTRY
The interactions between trace metal nutrients and marine phy-
toplankton are reciprocal. While trace metals clearly influence the
productivity and species composition of planktonic algae and bac-
teria, these microorganisms in turn have a profound effect on
the chemistry and cycling of these metals in the ocean on a vari-
ety of time and spatial scales (Figure 1). One example of this
interaction is the effect of algal uptake, particulate settling, and
regeneration cycles on the vertical distribution and inter-ocean
transfer of nutrient metals, as described earlier (Figures 2 and 3).
In addition marine biota influence the chemical speciation of met-
als through a variety of processes: (1) the release of metal chelates
and metal chelating ligands through zooplankton grazing, diges-
tion, and defecation, and through viral lysis of cells and microbial
degradation processes (Poorvin et al., 2004; Strzepek et al., 2005);
(2) the active release of chelating compounds such as siderophores
(Butler and Theisen, 2010) and polysaccharides (Hassler et al.,
2011a), and (3) the reduction and oxidation of redox active met-
als (Fe, Mn, Co, and Cu) by various biological processes. These
processes include the reduction of iron and copper by cell sur-
face reductases (Strzepek et al., 2011) or by biologically produced
reducing agents (Rose et al., 2005), reduction of metals within
particulate reducing microzones generated by microbial respira-
tion, and oxidation of Mn(II), Co(II), and Fe(II) to their respective
oxides by specific groups of bacteria (Moffett and Ho, 1996).
One of the most important effects of microorganisms on trace
metal chemistry is in mediating the production of organic ligands
that chelate Fe, Cu, Zn, and Co, especially in oceanic environ-
ments where the supply of terrestrial humic materials and other
land-derived chelators is minimal. This chelation minimizes the
loss of these essential metals by abiotic (and biotic) particulate
scavenging and thereby minimizes their loss from ocean waters.
The organic carbon needed for the in situ formation of these
ligands is ultimately derived from algal photosynthesis, and thus
the production of these ligands is at least indirectly dependent
on marine algal productivity. However, many of these ligands
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appear to directly result from biological processes, and at least
some directly facilitate biological uptake of metals. The release
of siderophores clearly facilitates biological uptake of iron, as the
releasing bacteria have specific transport systems for active uptake
of iron-siderophore chelates (Butler and Theisen, 2010). How-
ever, most iron-siderophore chelates are orders of magnitude less
available for algal uptake than is unchelated Fe’ (Shaked et al.,
2005), and thus, in facilitating their own iron uptake, the bacteria
could inadvertently lessen the uptake of iron by phytoplankton.
Such an effect in turn could lessen photosynthetic production
of organic carbon on which the bacteria depend for growth and
survival. To avoid this conundrum, nature may have devised a
clever mechanism to allow the bacteria to sequester iron for their
own use, and at the same time make it more available to sup-
port photosynthetic fixation of carbon in sunlit surface ocean
waters. Unlike the siderophores produced by soil and enteric bac-
teria, whose iron-siderophore chelates are unaffected by exposure
to sunlight, the iron chelates of most siderophores produced by
near-surface marine bacteria undergo photolysis owing to the
presence of alpha hydroxy-carboxylate functional groups (Bar-
beau et al., 2003; Vraspir and Butler, 2009; Butler and Theisen,
2010). By contrast, these photoactive functional groups are rela-
tively rare in terrestrial siderophores (Barbeau et al., 2003). The
photolysis of the siderophore chelates can substantially increase
the steady state concentrations of biologically available Fe(II)" and
Fe(III)’ species, and thereby increases the uptake of iron by phyto-
plankton, as directly shown in culture experiments with marine
diatoms and dinoflagellates (Barbeau et al., 2001; Amin et al,,
2009). In this way the bacteria are not only able to increase the
availability of iron to themselves, but to phytoplankton in sunlit
surface waters, thereby promoting the photosynthetic production
of organic carbon needed for bacterial growth and reproduction,
and ultimately for the production of siderophores. It is notewor-
thy that the marine bacteria found in close mutualistic associ-
ation with marine dinoflagellates and cocolithophores produce
a weaker iron-siderophore (vibrioferrin; log K = 10.9), which
contains two alpha hydroxy ligand groups, and is 10- to 20-times
more photoreactive than the siderophores produced by free liv-
ing marine bacteria (Amin et al., 2009). The in situ photolysis of
this siderophore in the presence of attenuated sunlight increased
the iron uptake rate in the dinoflagellate Scrippsiella trochoidea
by 20-fold but also increased the iron uptake rate by the pro-
ducing bacterium (Marinobacter sp.) by 70% (Amin et al., 2009).
Here the photolysis reaction not only promoted iron uptake by the
mutualistic algal partner, but also by the siderophore-producing
bacterium.

There is also evidence that the strong ligands that tightly
chelate Cu in seawater are produced by phytoplankton, especially
cyanobacteria. In stratified waters of the North Pacific and Atlantic
such strong Cu-binding ligands often occur at highest levels near
the deep chlorophyll maximum where cyanobacteria are abun-
dant (Coale and Bruland, 1988, 1990; Moffett, 1995). The chelators
appear to perform an important function of detoxifying copper.
In the presence of the Cu-chelators the average Cu’ in surface
Northeast Pacific waters occurred at a non-toxic concentration
(1.2 pM; Table 1) while in their absence Cu’ levels would have
been 500 pM, a level toxic to many marine phytoplankton (Brand

etal., 1986; Coale and Bruland, 1988). Ligands having similar Cu-
binding strength (log K, = 11.8) as many of the strong chelators
in surface seawater are produced by Synechococcus, an abundant
group of oceanic cyanobacteria, that are particularly sensitive to
copper toxicity (Brand et al., 1986; Moffett, 1995; Moffett and
Brand, 1996). In experiments with Synechococcus, the production
of the ligand was greatly enhanced in response to additions of
toxic levels of Cu, indicating that the cyanobacteria can actively
modulate the availability and toxicity of Cu in their external envi-
ronment via production of Cu-chelators. Similar enhanced ligand
production in response to added Cu was observed in cultures
of eukaryotic phytoplankton, but the stability constants for Cu-
binding by these ligands (log K¢, =9.2-10.8) were lower than
those for the chelators released by Synechococcus (Croot et al.,
2000).

There is also evidence from laboratory and field experiments
that the strong ligands that chelate Co in seawater are also pro-
duced by cyanobacteria, and that these ligands, like siderophores,
facilitate the uptake of the chelated metal (Co) by these organisms
(Saito et al., 2002, 2005).

Thus, trace metal nutrients and planktonic communities com-
prise an interactive system in the ocean in which each exerts a
controlling influence on the other (Figure 1). On longer geologi-
cal time scales, the feedback interactions between microorganisms
and the chemistry and availability trace metals have been pro-
found, and have substantially influenced the overall chemistry and
cycling of major biological elements (C, O, H, N, and S) in the
ocean and the earth as a whole, and have had a major impact on
the evolution of life on this planet (da Silva and Williams, 1991).
Currently, the air we breathe and virtually the entire ocean contain
high concentrations of dioxygen molecules (O,), generated over
billions of years from the release of O, as a byproduct of oxygenic
photosynthesis. Because of the presence of O, the modern ocean
is oxidizing, which as noted previously, limits the solubility of crit-
ical trace metal nutrients (Fe, Co, and Mn) whose stable oxidation
states under oxic conditions are sparingly soluble Fe(III) oxyhy-
droxides and insoluble Co(III) and Mn(IV) oxides. However, prior
to the advent of oxygenic photosynthesis ca 3 billion years ago
(Blankenship et al., 2007) and the appearance of O, in the atmos-
phere 2.4-2.3 billion years ago (Bekker et al., 2004), the chemistry
of the atmosphere and the ocean were far different from what
exists today. There was no free O, and the entire ocean, and earth’s
surface and atmosphere were chemically much more reducing (da
Silva and Williams, 1991). Under these conditions the stable redox
states of Fe, Mn, and Co were soluble Fe(II), Mn(II), and Co(II),
and that of copper was Cu(I). Furthermore, the stable redox form
of sulfur was sulfide (S[-II]), rather than sulfate (S[VI]), which
occurs in present day seawater at a high concentration (28 mM).
The presence of moderate to high levels of sulfide greatly restricted
the availability of Zn, Cu, Mo, and Cd, which form insoluble sulfide
precipitates and biologically less available metal sulfide complexes;
but it had a much a lesser impact on other metals [Mn(II), Fe(II),
Co(II), and Ni(II) ] which form much more soluble metal sulfides
(da Silva and Williams, 1991; Saito et al., 2003). Thus, early life in
the ocean likely evolved in an environment of high availability of
Fe, Mn, Co, and Ni and much lower availabilities of Zn, Mo, Cu,
and Cd, contrasting the situation in the modern ocean.
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Given the utility of Fe as a versatile redox catalyst and its
abundance in the earth’s crust and early ocean, it is perhaps not
surprising that this metal was utilized in the evolution of many of
the central redox catalysts of life (Mauzerall, 2007). It occurs in
high amounts in the redox centers of nitrogenase responsible for
N, reduction to NH3 and in the various cytochromes and Fe-S
redox centers involved in anoxygenic and oxygenic photosynthe-
sis (da Silva and Williams, 1991; Raven et al., 1999). In addition,
the abundant soluble Mn(II) in the ancient ocean was utilized in
the evolution of the water oxidizing centers of photosystem II,
which allowed cyanobacteria to utilize abundant water molecules
as a photosynthetic electron donor, thereby freeing photosynthetic
primary producers from the need to utilize much less abundant
substrates such as sulfide or ferrous ions (Mauzerall, 2007). The
resultant oxidation of H,O to O, and burial of photosynthetically
produced organic carbon in marine sediments and sedimentary
rocks, slowly (over 1-2 billion years) oxidized Fe(II) to Fe(III)
oxides and sulfide minerals to soluble sulfate, ultimately resulting
in the buildup of free O, first in the atmosphere and surface ocean
beginning ca. 2.3 billion years ago, and gradually in the ocean as
a whole by ~500-600 million years before present (Anbar and
Knoll, 2002; Katz et al., 2007). The precipitation of ferric oxides

from the sea has resulted in the chronic Fe-limitation of C-fixation
and N;-fixation that we currently observe in the ocean. However,
this negative effect is more than offset by the large amount of
biological energy produced by O,-dependent respiration utilized
by all present day plants and animals and most aerobic microbes.
Indeed the large amount of energy obtained from the respiratory
reaction of O, with organic molecules likely was essential for the
development of multicellular forms of life, paving the way for the
evolution of mammals, including man (Mauzerall, 2007). Further-
more, the release of Zn, Cu, Mo, and Cd from insoluble sulfides
and biologically unavailable sulfide complexes allowed for the pro-
liferation of numerous enzymes utilizing these metals (including
many Zn and Cu enzymes), many of which appear to have evolved
following the appearance of free O, (da Silva and Williams, 1991).
Thus, evolution has involved a continuous feedback between bio-
logical systems and the surrounding chemical environment, with
biological trace metal catalysts playing a central mediating role in
this process.
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INTRODUCTION

The bioavailability of iron to microorganisms and its underlying mechanisms have far reach-
ing repercussions to many natural systems and diverse fields of research, including ocean
biogeochemistry, carbon cycling and climate, harmful algal blooms, soil and plant research,
bioremediation, pathogenesis, and medicine. Within the framework of ocean sciences,
short supply and restricted bioavailability of Fe to phytoplankton is thought to limit primary
production and curtail atmospheric CO, drawdown in vast ocean regions. Yet a clear-cut
definition of bioavailability remains elusive, with elements of iron speciation and kinetics,
phytoplankton physiology, light, temperature, and microbial interactions, to name a few, all
intricately intertwined into this concept. Here, in a synthesis of published and new data,
we attempt to disassemble the complex concept of iron bioavailability to phytoplankton
by individually exploring some of its facets. We distinguish between the fundamentals
of bioavailability — the acquisition of Fe-substrate by phytoplankton — and added levels of
complexity involving interactions among organisms, iron, and ecosystem processes. We
first examine how phytoplankton acquire free and organically bound iron, drawing attention
to the pervasiveness of the reductive uptake pathway in both prokaryotic and eukaryotic
autotrophs. Turning to acquisition rates, we propose to view the availability of various Fe-
substrates to phytoplankton as a spectrum rather than an absolute “all or nothing.” We
then demonstrate the use of uptake rate constants to make comparisons across different
studies, organisms, Fe-compounds, and environments, and for gaging the contribution of
various Fe-substrates to phytoplankton growth in situ. Last, we describe the influence of
aquatic microorganisms on iron chemistry and fate by way of organic complexation and
bio-mediated redox transformations and examine the bioavailability of these bio-modified
Fe species.

Keywords: iron, bioavailability, uptake, phytoplankton, speciation, redox reactions, biogeochemistry, organic
complexation

degree to which a certain compound can be accessed and utilized

By virtue of its flexible redox chemistry, iron (Fe) plays an inte-
gral role in many biological processes such as photosynthesis,
respiration, processing of reactive oxygen species, and nutrient
acquisition. In view of these functions, it is not surprising that
iron inputs and bioavailability in aquatic environments have far
reaching repercussions for many natural systems and diverse areas
of study as briefly outlined in Box 1. At the basis of these lies the
role of iron in controlling phytoplankton growth. Photosynthetic
life on Earth originated in reduced, low oxygen aquatic environ-
ments where the soluble ferrous iron — Fe(II) — was abundant and
freely available. The rise of oxygenic photosynthesis favored the
oxidized ferric form — Fe(III) — which rapidly precipitates out of
oxic solutions as iron oxides or hydroxides. Modern day oceans and
lakes thus cater poorly to the Fe requirements of phytoplankton
with surface waters bearing picomolar to nanomolar concentra-
tions of dissolved unchelated inorganic iron, Fe’ (Johnson et al.,
1997), the most readily available form of Fe to phytoplankton, be
it in ferrous Fe(II)’ or ferric form Fe(III)" (Morel et al., 2008).
Extensive research on iron bioavailability to phytoplankton has
been conducted over recent decades, yet a clear-cut definition of
this term remains elusive. Bioavailability may be defined as the

by an organism. However this definition may be oversimplistic as
elements of iron speciation and kinetics, phytoplankton physiol-
ogy, light, temperature, and microbial interactions, to name a few,
are all intricately intertwined into what we term “bioavailability”
(Wells et al., 1995; Worms et al., 2006). Given the complex and
interdisciplinary nature of Fe bioavailability, progress in under-
standing this concept depends on addressing its sub-aspects by
means of well-defined questions and multiple analytical tech-
niques. In this contribution, rather than seeking a definition
capable of encompassing the multiple aspects and scales of Fe
bioavailability to phytoplankton, we attempt to disassemble this
concept into its composing facets and explore them further.

At a fundamental level, cellular Fe acquisition or uptake rates
are indicative of the availability of any single Fe-substrate to a spe-
cific phytoplankton species (Figure 1). Fe uptake rate, in turn,
is a function of the uptake pathways expressed by an organ-
ism and the chemical compatibility or exchange kinetics of the
Fe-substrate with the transport systems (Figure 1). Rates of Fe
acquisition can be determined experimentally using model or
naturally occurring phytoplankton and Fe-substrates. In the next
two sections we discuss the experimental evaluation of Fe uptake
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O Chemical reactivity of Fe species &
compatibility with uptake systems

Fundamentals of bioavailability — Acquisition of various Fe species by
phytoplankton

O Pathways and rates of Fe acquisition by

phytoplankton

O Fe inputs, recycling and residence
times

O Chemical & photochemical
transformations of Fe

and Fe speciation and fate

-

4 Added complexity to bioavailability — Interactions between phytoplankton, Fe \
and ecosystem processes

O Phytoplankton physiology & biochemistry

U Phytoplankton (and bacterial) species

O Food web interactions
O Bio-mediated transformations of Fe speciation

U Physical effects (e.g. light, temperature) on phytoplankton physiology and ecology

composition

J

FIGURE 1 | A conceptual diagram disassembling the multivariable
concept of iron bioavailability to phytoplankton. The figure outlines the
composing facets of Fe bioavailability where green text highlights topics
elaborated in the paper. At the most basic level, the availability of an iron
species to a phytoplankton species is determined by the rate at which it is
acquired by the organism. Fe uptake rate, in turn, is a function of the uptake
pathways expressed by an organism and the chemical compatibility or
exchange kinetics of the Fe-substrate with the transport systems (upper box).
In Sections “Fundamentals of Fe Bioavailability: Phytoplankton Fe Acquisition

Systems” and “Fundamentals of Fe Bioavailability: Phytoplankton Fe
Acquisition Rates” we discuss the experimental evaluation of Fe uptake rates
by laboratory cultures and natural populations. In the environment, many
other chemical, biological, and physical factors are important for determining
Fe availability to phytoplankton, some of which are detailed in the lower box.
In Section “Added Complexity to Bioavailability: Bio-Mediated Transformations
of Fe Speciation” we turn to organism-Fe interactions and discuss how
secretion of organic compounds and bio-mediated redox processes alter Fe
speciation and influence Fe availability.

pathways and rates and suggest the use of uptake rate constants
as a means of comparing between organisms, Fe species, and
environments, and gaging the relative contribution of specific Fe-
compounds to phytoplankton in a natural setting. Needless to
say, the availability of Fe to natural phytoplankton assemblages
in oceans and lakes is influenced by many chemical, biologi-
cal, and physical factors outside the experimental beaker (see
Figure 1 for an outline of some of these factors). For example,
both Fe speciation and phytoplankton physiology are dynamic
in time and space and to complicate matters even further, these
two factors are interconnected. Moreover, interactions among
the various organisms in the ecosystem, in addition to a host
of environmental variables, can strongly impact the ability of
phytoplankton to meet their Fe requirements. While a complete
description of this added complexity to bioavailability is beyond
the scope of this contribution, in the last section we describe
how aquatic microorganisms influence iron chemistry and fate
by way of organic complexation and bio-mediated redox transfor-
mations, emphasizing the resulting effects on Fe bioavailability to
phytoplankton.

FUNDAMENTALS OF Fe BIOAVAILABILITY: PHYTOPLANKTON
Fe ACQUISITION SYSTEMS

In order to determine the effects of Fe inputs on phytoplank-
ton productivity it is essential to identify the relationship between

the concentration of various Fe species and their uptake by
phytoplankton. As such, phytoplankton iron transport systems,
uptake strategies, and rates are important for our understanding
of Fe availability. In the next two sections we tackle the question
of bioavailability at the organism level and look at mechanistic
studies of iron acquisition pathways and rates under controlled
conditions — an approach which has provided much insight into
Fe bioavailability in natural systems (Hudson and Morel, 1993;
Sunda and Huntsman, 1995; Hutchins et al., 1999; Maldonado
and Price, 1999; Maldonado et al., 1999; Shaked et al., 2005;
Morel et al., 2008). In Section “Uptake Pathways of Aquatic Phy-
toplankton” we explore two well-studied iron uptake pathways in
aquatic phytoplankton — siderophore mediated and reductive Fe
uptake — looking at the environmental relevance of each strat-
egy. Since our focus is phytoplankton, we will not cover Fe uptake
pathways of heterotrophic bacteria. More on this subject can be
found in a recent report by Hopkinson and Barbeau (2012). In
Section “Behavioral Patterns of Iron Mining” we briefly mention
some behavioral patterns amongst phytoplankton which may be
relevant to Fe acquisition from seawater.

UPTAKE PATHWAYS OF AQUATIC PHYTOPLANKTON

Several uptake pathways for free inorganic iron (Fe’) and organ-
ically bound iron (FeL) have been described amongst aquatic
phytoplankton. While Fe’ is clearly an important iron source,
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Aquatic iron biogeochemistry has been in the limelight over the past
three decades with numerous studies linking Fe to carbon cycling
and global climate (Martin et al., 1990; Watson et al., 2000; Blain
etal., 2007; Martinez-Garcia et al., 2011). A particular emphasis has
been placed on Fe availability to phytoplankton since over 45% of
global photosynthesis occurs in aquatic environments (Falkowski
et al., 1998) and photosynthetic systems are heavily dependent on
iron (e.g., Raven, 1990; Greene et al., 1991). It is now well estab-
lished that limited iron availability lowers phytoplankton pigment
content and light harvesting capabilities, hinders photosynthesis
and growth rates, and subsequently diminishes the production of
organic matter and biogenic minerals (CaCO3z and opal) and curtails
CO, drawdown in vast ocean regions (Figure 2; Boyd et al., 2007).
Many biogenic gases other than CO, are important determinants
of atmospheric chemistry and climate, but far less is known about
the controls iron exerts on the sea-atmosphere fluxes of such gases
(Figure 2; Liss, 2007; Buesseler et al., 2008). What is known how-
ever, is that phytoplankton growth, death, and decomposition, all
of which may be controlled by Fe availability, result in emissions
of dimethylsulfide (DMS) and isoprene (cloud formation promoters),
N,O and CH4 (potent greenhouse gases), and CO and OH (reac-
tive species influencing the atmosphere oxidation potential; Law
and Ling, 2001; Meskhidze and Nenes, 2006). The combined effects
of these emissions on atmospheric radiative forcing remain largely
unknown (Lampitt et al., 2008).

By controlling phytoplankton standing stocks, Fe availability may
also influence the surface ocean light field, and subsequently

Box 1| Scope of iron influence on natural systems and research fields.

play a role in the surface ocean heat budget (Figure 2; Man-
izza et al., 2005). In addition to constraining primary productiv-
ity, iron deficiency impedes biogenic element cycling since phy-
toplankton cannot synthesize the enzymes required for utilizing
major nutrients such as nitrate and N, (Figure 2; Milligan and
Harrison, 2000; Kustka et al., 2002; Sohm et al., 2011). Low iron
availability may also alter ecosystem structure and function: under
Fe limitation smaller phytoplankton are favored, resulting in rapid
carbon regeneration and lowered carbon export flux to the deep
ocean (Figure 2; Price et al., 1994; Finkel et al., 2010). As lim-
ited Fe availability alters nutrient assimilation ratios and phyto-
plankton species composition, it bares implications for the recon-
struction of ocean paleo-productivity and paleo-nutrient distribu-
tions. Examples include the intensively studied sedimentary records
of diatoms, whose abundance, morphology, and composition is
strongly regulated by Fe (Figure 2; Strzepek and Harrison, 2004;
Marchetti et al., 2006; Marchetti and Cassar, 2009). An additional,
less explored example, is the recently reported effect of Fe limita-
tion on cadmium (Cd) drawdown from seawater by phytoplankton
(Lane et al., 2009), Subsequently, Fe limitation may alter seawa-
ter Cd:P ratios (Cullen et al., 1999) and thus bias past reconstruc-
tion of POi’ distributions which is based on seawater Cd:P ratios
(Figure 2; Boyle, 1988; Elderfield and Rickaby, 2000). Recent atten-
tion has also been drawn to the effect of iron inputs and avail-
ability on toxic algal species occurrence and toxin production in
oceans and lakes (Figure 2; e.g., Trick et al., 2010; Alexova et al.,
2011).

3,

¢ Iron inputs &
bioavailability

— ~ ; »
Biogeochemical [Ecosystem Structure| Atmosphere Ocean Paleo-
Cycles & Function & Climate Biophysics Proxies
*Organic matter and | *Phytoplankton and *Greenhouse sLight adsorption [+Cd:PO,
biogenic minerals -- bacteria growth rates gasses (CO,, N,O, |by phytoplankton | _. )
duction, export . . CH,) *Si:Cand Si:N,
pro u? ’ p «Cell sizes and species 4 (may affects surface 15N of diatom
and mineralization composition sCioiidialbeda temperature, ice bound N

*Nutrient assimilation

*Sedimentation
(associations with
minerals)

*Food-web type
(regenerated / exporting)

*Toxic algae abundance
and toxin production

(DMS, Isoprene)

*Atmosphere
oxidation potential
(CO, OH, 0,)

cover, hydrography,
ocean circulation)

*Sedimentary
diatom species,
frustule thickness|
and morphology

FIGURE 2 | Summary of processes, systems, and research fields which are influenced by iron inputs and bioavailability (see text for details).

we focus on FeL, where the transport machinery an organ-
ism employs will dictate the accessibility of a specific com-
pound (Morel et al, 2008). To date, two major FelL uptake
pathways have been described for phytoplankton: siderophore
mediated Fe acquisition (e.g., Goldman et al., 1983; Soria-Dengg
et al., 2001) and the reductive iron uptake pathway (Allnutt and
Bonner, 1987; Eckhardt and Buckhout, 1998; Maldonado and
Price, 2001; Shaked et al., 2005). According to a prevalent para-
digm shared by many oceanographers, prokaryotic phytoplankton

adopt siderophore-based Fe uptake systems while eukaryotes
utilize a reductive strategy (e.g., Hutchins et al., 1999). How-
ever, genetic evidence (Webb et al., 2001; Hopkinson and Morel,
2009) as well as results of short term iron uptake experiments
(Rose et al., 2005; Lis and Shaked, 2009; Fujii et al., 2010;
Kranzler et al., 2011), contradict this paradigm. We propose
that the occurrence of siderophore vs. reductive iron uptake
can be put down to environmental rather than taxonomic con-
siderations and that reductive iron uptake is a prevalent Fe
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acquisition strategy amongst phytoplankton (Figure 3; Table A1l
in Appendix).

Siderophore mediated Fe uptake involves the synthesis and
secretion of ferric iron chelators which are capable of solubilizing,
capturing, and delivering Fe(III) to the cell (Kraemer, 2004). The
efficiency of this uptake pathway depends on: (a) the probability of
the siderophore finding an Fe-substrate and (b) the probability of
the ferrisiderophore complex finding its way back to the secreting
cell. The build-up and maintenance of an Fe-siderophore diffusion
gradient bringing iron back to the host cell is an essential feature
of this strategy (Hutchins et al., 1991; Vélker and Wolf-Gladrow,
1999). Therefore, siderophore production works best at high cell
densities and in quiet waters or contained environments where
turbulent disruption is unlikely (e.g., within biogenic aggregates
or dense algal colonies). Consequently, siderophore production
would be impractical in open waters, with high turbulence, and
low cell densities (Hutchins et al., 1991). Indeed, a conspicuous
lack of siderophore synthesis or uptake genes amongst open ocean
cyanobacteria and eukaryotic phytoplankton (Hopkinson and
Morel, 2009) suggests that this strategy may be ill suited to free-
living aquatic phototrophs. Given the limitations of siderophore
mediated iron uptake in dilute media, particularly open ocean
waters, we turn our attention to an alternative strategy better suited
to these conditions — Fe acquisition by means of reduction.

Reductive iron uptake offers a practical alternative to
siderophore production as demonstrated in the numerical model
constructed by Vélker and Wolf-Gladrow (1999) comparing the

efficiency of these two strategies in the marine environment. Sev-
eral studies, as well as our own data, support the prevalence of
reductive iron uptake amongst a variety of representative phyto-
plankton from both eukaryotic and prokaryotic taxa as well as
in natural phytoplankton communities in high Fe and low Fe
environments (Figure 3; Table Al in Appendix). Reduction oper-
ates on both Fe’ and FeL where it involves the dissociation of
Fe from its chelating ligand followed by transport of free iron
into the cell (Atkinson and Guerinot, 2011). A key feature of this
uptake pathway is the formation of an Fe(II) intermediate and thus
experimental assays for reductive Fe uptake employ a ferrous iron
bindingligand such as ferrozine or bathophenanthrolinedisulfonic
acid (BPDS) which competes with the cell for Fe(II) and inhibits
Fe uptake (see Figures Al and A2 in Appendix; Shaked et al.,
2004, 2005). On a genetic level, cell surface ferric reductases, simi-
lar to those in the yeast Saccharomyces cerevisiae, have been found
in green algae (Allen et al., 2007) and ocean dwelling diatoms
(Kustka et al., 2007; Bowler et al., 2010). These reductases may
operate in conjunction with permease—oxidase complexes which
reoxidize the Fe(II) as it is transported into the cell (Maldonado
et al., 2006; Chen et al., 2008; Terzulli and Kosman, 2010). Not
much is known about the reductive processes only recently shown
to exist in aquatic cyanobacteria (Rose et al., 2005; Lis and Shaked,
2009; Kranzler et al., 2011).

The greatest advantage of the reductive strategy is its potential
to operate not only on Fe’ but also across a range of organi-
cally bound iron complexes, even Fe bound to strong siderophores

77 @ asgrariy cutvures Tl

Prokaryotes

Dunaliella bardawil ¢
Chlorella spp ¢
Tetraselmis suecica *
Chlorococcum littorale f

| olsc0g Y
Sce 3 )
s A
Eukaryotes
Green Algae Diatoms

Chlamydomonas reinhardtii *® Thalassiosira spp "

Cylindrotheca fusiformis *

Cyanophytes
Synechocystis PCC6803 '
Trichodesmium erythraeum *

Phaeodactylum tricornutum Synechococcus WH8102 *

Synechococcus WH7803 *
Haptophytes

Dinoflagellates
Peridinium gatunense &

Low Fe waters (HNLC)

Southern Ocean®
Subarctic Pacific (> 3um)°®
Bering Sea (> 5um)4

Emiliania huxleyi *

Natural environments

Microcystis aeruginosa ™
Lyngbya majuscula™

High Fe waters

Gulf of Agaba (> 0.2um)"
Loch Scridain (>20um)*
Lake Kinneret &

FIGURE 3 | Prevalence of the reductive iron uptake pathway amongst
phytoplankton. Listed are laboratory cultures and natural environments for
which inhibition of uptake by Fe(ll) binding ligands (Ferrozine/BPDS) was
observed experimentally and taken to indicate the formation of an Fe(ll)
intermediate during iron transport. For some species, genomic and proteomic
research identified various components of the reductive iron uptake pathway
including ferrireductases and multicopper oxidases. See Appendix for
supporting data and methodology Tables A1 and A2 and Figures A1 and A2
in Appendix). Note on locations: The Gulf of Agaba is located at the northern

tip of the Red Sea, Loch Scridain is a sea loch located on the Atlantic coastline
of the island of Mull, Scotland, and Lake Kinneret (Sea of Galilee) is a fresh
water lake in the north of Israel. References: 2Eckhardt and Buckhout (1998),
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such as ferrioxamine B (FeDFB; Maldonado et al., 2005; Shaked
et al., 2005; Lis and Shaked, 2009; Shi et al., 2010; Kranzler et al.,
2011). Phytoplankton equipped with this strategy would be able
to integrate iron from a variety of sources, giving them an obvious
competitive advantage in Fe acquisition. While we advance the idea
of reduction as a prevalent Fe uptake strategy in aquatic systems,
we by no means claim it to be exclusive. A single organism may
possess both direct FeL uptake pathways (e.g., ferrisiderophore
transporters) as well as iron reductases, a classic example being
baker’s yeast (Kosman, 2003). Moreover, siderophore mediated
and reductive iron uptake do not discount the existence of other
Fe uptake pathways, be they under investigation (e.g., Stintzi et al.,
2000; Pick et al., 2008; Sutak et al., 2010; Wirtz et al., 2010) or
undiscovered.

BEHAVIORAL PATTERNS OF IRON MINING

The data covered thus far clearly demonstrates that phytoplankton
are not passive in their quest for iron. A major energetic investment
is clearly required in order to accumulate intracellular Fe concen-
trations that are four to six orders of magnitude greater than those
in their surrounding environment (Morel and Price, 2003). Some
phytoplankton take this a step further and exhibit behavioral pat-
terns which aid in the active mining of iron from the environment.
The most striking example is the collection and processing of iron-
rich dust particles by colonies of the globally important N, fixing
cyanobacterium Trichodesmium spp. (Rueter et al., 1992; Rubin
et al., 2011). The positively buoyant Trichodesmium forms mas-
sive blooms at the sea surface where it is likely to encounter dust
deposits. Recently, we reaffirmed previous observations on effi-
cient capturing and retention of dust by natural Trichodesmium
colonies and documented a specialized ability to actively shuffle
dust and iron oxides from the colony periphery to its core (Rubin
etal.,2011). Packaging of dust in the colony interior can minimize
its detachment and loss and also facilitate its chemical processing
within a semi-enclosed microenvironment (Rubin et al., 2011).
We found that Trichodesmium colonies were able to mediate dust
dissolution, most likely via reduction (Rubin et al., 2011; Shaked,
unpublished). Our mechanistic study complements several field
observations documenting the ability of Trichodesmium to utilize
iron from dust (Moore et al., 2009; Chen et al., 2011). Additionally,
large diatoms (such as Rhizosolenia spp. and Ethmodiscus spp.) and
dinoflagellates (such as Alexandrium spp. and Gymnodinium spp.)
are known to migrate vertically to the nutricline to stock up on
nutrients (Villareal et al., 1999; Ralston et al., 2007). While vertical
migration was repeatedly proven efficient in nitrogen accumula-
tion (Singler and Villareal, 2005), no clear evidence for iron mining
at depth is present (McKay et al., 2000).

FUNDAMENTALS OF Fe BIOAVAILABILITY: PHYTOPLANKTON
Fe ACQUISITION RATES

The discussion so far has centered on the mechanisms phyto-
plankton employ for acquiring Fe, knowledge which is crucial for
analyzing and predicting their ability to access iron from various
Fe pools in the environment (Shaked et al., 2005; Morel et al.,
2008). We now focus on a more common approach to deter-
mining Fe availability: rate of transport. In this line of research
the bioavailability of an Fe-substrate is ascertained by means of

growth or short term iron uptake experiments. Although this
approach is very promising, it faces significant challenges in terms
of quantitative extrapolation to systems outside the experimental
framework (be it a beaker or a grow-out incubation). In Section
“Experimental Probing of Availability” we discuss the importance
of experimental design, stressing the use of well-defined experi-
mental media and organisms in the pursuit of unambiguous data
regarding the accessibility of different Fe species to various phyto-
plankton. However, even when high quality data are obtained, it
is very difficult to reach a consensus regarding the availability of
any one Fe-compound. The same Fe-substrate, for example, may
be available to one organism but not to another, making bioavail-
ability not only a question of “what?” but also of “to whom?”.
Moreover, the same organism may employ additional transport
pathways upon Fe limitation, further extending the question to
“when?” and “where?” in natural environments. In Section “Com-
puting Availability Using Uptake Constants,” we describe the use of
uptake rate constants for comparing between studies, organisms,
compounds, and environments as well as for gauging the contri-
bution of specific Fe species to phytoplankton growth in situ. We
propose that the availability of Fe species to phytoplankton can be
viewed as a spectrum rather than an absolute “all or nothing” and
establish a relative scale of bioavailability for a range of Fe species
and various phytoplankton cultures and natural populations.

EXPERIMENTAL PROBING OF AVAILABILITY

Two common experimental approaches for probing the bioavail-
ability of a given Fe-compound are: (1) long term or steady state
iron uptake experiments which follow growth rates and/or intra-
cellular Fe quotas of cells grown on a certain Fe-substrate, and (2)
short term uptake experiments where the change in intracellular
iron is followed over several hours. In order to enable inter- and
intra-study comparisons, common grounds in methodology must
be established by means of a robust experimental design in which
medium and/or organism are well-defined.

Due to the fast hydrolysis and precipitation of Fe(III), an arti-
ficial or natural Fe complexing agent is required to keep dissolved
iron in solution during experiments. For the study of free inorganic
iron (Fe’), EDTA (ethylenediaminetetraacetic acid), and other car-
boxylic acid compounds are typically used (e.g., Anderson and
Morel, 1982). The FeEDTA complex itself is membrane imperme-
able and not bioavailable (Shaked et al., 2005) and EDTA buffers
an easily calculated pool of unchelated iron or Fe’ in the medium
(Sunda et al., 2005). There has been some criticism of the applic-
ability of EDTA based studies to natural systems (Gerringa et al.,
2000) but the alternative of using uncomplexed FeCl; when trying
to measure free inorganic iron uptake rates has serious pitfalls.
When spiking experimental media with FeCls, the iron is found in
two pools — dissolved Fe and freshly precipitated colloids — whose
relative proportions and bioavailability fluctuate over time (Wells
et al., 1983; Kuma et al., 1996). When examining the bioavailabil-
ity of organically bound iron (FeL, where L is an organic ligand)
many chemical factors such as ligand strength, metal to ligand
ratios, FeL equilibration time, and photolability should be taken
into consideration. Sufficiently high FeL complex stability and/or
a sufficient excess of the ligand compared to Fe are important
in order to prevent iron precipitation. On the other hand, high
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concentrations of free ligand (L) were shown to slow Fe uptake
rates down due to competition with the cells for unchelated Fe
which is formed during reductive uptake (Maldonado and Price,
2001; Shaked et al., 2005; Lis and Shaked, 2009). Experiments
probing the bioavailability of partially complexed, particulate, or
colloidal iron require careful support measurements and/or use of
chemical speciation modeling software which establish Fe specia-
tion in the experimental medium (e.g., Nodwell and Price, 2001;
Rijkenberg et al., 2006, 2008; Hassler et al., 2011a). The concen-
tration of Fe used in short term uptake experiments is often a
compromise between environmentally relevant low concentra-
tions and those required for adequate signal. However, it must
be noted that in order to compare between experiments Fe con-
centrations must be sub-saturating (see Computing Availability
Using Uptake Constants).

Characterization of the experimental organism is no less
important than defining Fe speciation, as physiological status and
growth phase can greatly affect experimental outcomes. Iron lim-
itation, for example, is known to cause the upregulation of high
affinity Fe acquisition systems (Maldonado and Price, 1999, 2001;
Maldonado et al., 2006; Kustka et al., 2007; Allen et al., 2008),
allowing access to previously unavailable Fe pools. This high
affinity acquisition system allows iron limited diatoms to acquire
iron bound to the xenosiderophore ferrioxamine B (FeDFB),
whereas this complex is non-accessible to iron replete diatoms (see
Figure 5A; Maldonado and Price, 2001). Growth phase may also
affect Fe uptake since various transport pathways may be inac-
tivated during different growth phases (Lis and Shaked, unpub-
lished). In addition, the presence of bacteria in uptake assays
using non-axenic cultures or natural assemblages may influence
the availability of specific compounds to the studied algae or bias
the uptake signal through bacterial acquisition of compounds
unavailable to the studied organism (Soria-Dengg et al., 2001; Roe
et al., 2011). Experimental choices regarding cell density, illumi-
nation, temperature, use of pH buffers, and experiment duration,
to name a few, may alter uptake rates by influencing both algal
physiology and Fe chemistry, and should be carefully evaluated in
preliminary experiments. As a rule of thumb, cell density should
be kept as low as possible to minimize bio-mediated changes in Fe
chemistry (e.g., through the secretion of Fe-binding compounds
into the medium), and experimental length should be kept short
to avoid changes in the transport systems (Sunda et al., 2005).
Short experiments (4—12 h) are preferably conducted in the dark or
under red light (which prevents Fe photochemistry while supply-
ing photo-synthetically active irradiation (Kranzler et al., 2011).
Many organic pH buffers bind Fe and their effect on uptake rates
should be carefully examined (Shi et al., 2009). Whenever possi-
ble, data points should be collected several times throughout the
experiment rather than at its beginning and end. This ensures the
measurement of meaningful rates that can be extrapolated further.

Once answers to fundamental questions of bioavailability have
been established using model phytoplankton species and Fe-
substrates, the next level of complexity may be added by con-
ducting experiments with either natural aquatic communities or
natural ligands (e.g., Maldonado et al., 2005; Shi et al., 2010). This
combination of basic laboratory based research and field work
has proven to be a powerful tool in unraveling the complexities of

natural systems. Experiments of this kind are analytically challeng-
ing and involve considerable planning and careful determination
of the desired goals. Examples include studying the effect of pho-
tochemistry on the availability of model and natural Fe complexes
to size fractionated natural phytoplankton communities (Maldon-
ado et al., 2005) and the use of well-studied model organisms to
report on changes in the availability of natural Fe-compounds due
to variations in pH (Shi et al., 2010).

COMPUTING AVAILABILITY USING UPTAKE CONSTANTS

As stated above, uptake data are experiment-specific and thus
often hard to extrapolate to other organisms or environments.
Here we propose a relatively straight forward approach using
the uptake rate constant — ky, — for comparing between exper-
iments conducted with strongly bound organically complexed Fe
(FeL) or unchelated Fe (Fe’). When an Fe-substrate is applied
at sub-saturating concentrations, its rate of cellular uptake (p) is
proportional to its concentration (Eq. 1, Figure 4):

p = kap x [Fe] 1)

where p is cellular Fe uptake rate (mol Fe cell ™! day~!) and [Fe]
is Fe-substrate concentration (mol L™!). Under these conditions
(linear range in Figure 4), the dependency of cellar uptake rate on
Fe concentration is described by the uptake constant — ky, with
units of L cell™! day~! (different units may be used in accordance
with the units of uptake rate). Unlike cellular uptake rate (p), which
varies with Fe concentration, kyp is a more faithful representation
of the ability of an organism to internalize the iron. In order to
convert uptake rates to uptake constants, an action which can also
be regarded as normalization, we need to define the concentration
of Fe that serves as a substrate for uptake. In experiments probing
the uptake of strongly complexed FeL, where Fe’ concentrations
are negligible, the substrate for uptake equals the total Fe added to
the experiment as precomplexed FeL (Figure 4). In contrast, when
probing Fe’ uptake in the presence of the metal buffer EDTA, the
total Fe is present predominantly as FeEDTA which is biologically
unavailable, while Fe’ — the substrate for uptake is found at minute
concentrations (Shaked et al., 2005). The kyp calculation cannot
be performed for weak FeL complexes as the experimental media
contains both Fe’ and FeL. Experiments using FeCls are also hard
to analyze due to Fe precipitation, unless Fe is added at concen-
trations lower than its solubility limits in seawater (0.2-0.5 nM;
Liu and Millero, 2002). Despite its limitations, the uptake rate
constant, kyp, is highly useful in comparing the “relative bioavail-
ability” of different Fe-substrates to various phytoplankton, both
in the laboratory or in natural environments. Moreover, we can
use kyp to predict if a specific Fe-compound can support phyto-
plankton Fe demands in situ. These two applications are described
below and in Figures 4 and 5 and Table 1.

Relative bioavailability scale as a means of comparing organisms,
Fe species, and environments

We first demonstrate the use of kyp in comparing the bioavailabil-
ity of Fe’ and FeDFB (where DFB is the strong siderophore ferriox-
amine B) to Fe-limited cultures of the open ocean coccolithophore
Emiliania huxleyi (Figure 4). In these experiments we determined

Frontiers in Microbiology | Microbiological Chemistry

April 2012 | Volume 3 | Article 123 | 33


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiological_Chemistry
http://www.frontiersin.org/Microbiological_Chemistry/archive

Shaked and Lis

Disassembling iron availability to phytoplankton

pmax _______
Define the chemical conditions for probing uptake of a
specific Fe-substrate
Fe uptake Sub-saturating Condition the organism of interest prior to experiment
rate (p) (e.g. induce Fe limitation)
uptake rate
Examine the dependence of uptake rates on Fe-substrate
Fe substrate concentration (Fe’/Fel)
35
SO 30 * ‘,?f‘ Measure Fe-uptake rate at sub-saturating Fe-
% 257  FeEDTA (90nM) * substrate concentrations.
T 20+ Fe'~80pM
%’ 15 | L7 Substrates are either strongly bound Fe (FeL) or Fe’
w o~ (experiment using FeEDTA).
5 10 -
“ s -3 PG {}
0 6 8 @7 ‘ :
0.00 0.05 0.10 0.15 0.20 0.25
time (days)
To calculate ky, divide uptake rate by Fe-substrate concentration  ku,=p/[Fe]
To further normalize k5¢- relative to k5 divide the former by the latter
Fe [Fe] [L] Substrate for Uptake rate Kin Relative
compound | (nM) | (nM) uptake (mol Fe cell* d?) (Lcell*d?) Kup
FeEDTA 90 100180 Fe’ ~80pM 1.4E-18 1.7E-08 1
FeDFB 100 176 FeDFB 100nM 1.7E-19 1.7E-12 1E-4
FIGURE 4 | Schematic representation of experimental probing sufficient excess of Fe to rule out the presence of Fe’ (which would
and calculation of the uptake rate constant - k,, - exemplified bias uptake rate since Fe’ is taken up more readily than Fel). But
with Fe-limited Emiliania huxleyi uptake data. Note that the L:Fe should be minimal to prevent ligand from competing with cells
complexing ligand L for strong ligands such as DFB should be in for Fe (and thus decreasing uptake rates).

Table 1 | A comparison between the minimal daily Fe requirements and the daily FeDFB uptake capacity of Synechococcus spp.

Daily FeDFB uptake capacity: kyp x [Fe]

Minimal daily Fe requirement: Q x p

Kup (DFB)—

Uptake rate constant for FeDFB?

~3x 1013 Lcell=" day~’
~1.2 x 1072" mol Fe cell~" day™"

[Fel—

Fe-substrate concentration®

~4 x 1079 mol L'

[0

intracellular Fe quota for Synechococcus spp.©

~107"8 mol cell~’

L—
Fe-limited growth rated
~0.4day™"

~4 x 1078 mol Fe cell~" day~’

Minimal daily Fe requirements are calculated by multiplying intracellular Fe quota (Q) by Fe-limited growth rates (). Uptake capacity is calculated by multiplying k,,
by the concentration of Fe-substrate [Fe] in the environment. Calculating for FeDFB, we take a generous estimate of dissolved iron concentrations in open ocean
waters and assume this pool it is made up entirely of FeDFB-like compounds.

2See Figure A1, in Appendix, p=2.6 x 107%° + 8.2 x 10-?> mol Fe cell-" day~'; FeDFB= 90 nM.
bHypothetical dissolved iron value in open ocean waters. We assume all dissolved iron is FeDFB.

¢Henley and Yin (1998).

9Based on Kudo and Harrison (1997) and Brand (1991).

Fe uptake rates of E. huxleyi from 100 nM radiolabeled FeDFB
(Fe:DFB ratio 1:1.1) to 90nM radiolabeled FeEDTA (Fe:EDTA
ratio 1:1111; Fe’ ~80 pM). While uptake rate of Fe’ (in the presence
of EDTA) is only about twice as fast as for FeDFB, the uptake

constants span four orders of magnitude with kﬁg =17x1078
mol Fe cell~! day~! and kE;DFB =1.7 x 107'2 mol Fe cell ! day~!
(Figure 4). This marked difference in kyp stems from the much
lower substrate concentration of Fe’ as compared to FeDFB. While
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FIGURE 5 | Relative scale of Fe availability established from
phytoplankton uptake rates obtained for cultures (A) and natural
assemblages (B). By converting experimental data to uptake-rate
constants, and normalizing it further relative to Fe’, comparisons across
organisms, Fe-substrates and environments are made possible (see text
and Figure 4 for details). Different Fe-complexes are presented as
different colors, while bar length represents variations among
experiments, and circles denote no uptake. Abbreviations: Goe, goethite;
DFB, desferrioxamine B; AB, Aerobactin; FC, ferrichrome; PYN, Porphyrin;

MEDIUM

HIGH

MS, Monosaccharides; PS, Polysaccharides; AZ, Azotochelin; DPS, DNA
binding protein from starved cells (iron storage proteins); CAT,
Gallocatechin; DFE, desferrioxamine E. See Appendix for supporting data
and Figure 3 for location descriptions. References: “Shaked et al. (2005),
®Chen and Wang (2008), °Nodwell and Price (2001), ¢Kustka et al. (2005),
eMaldonado and Price (2001), fHassler and Schoemann (2009), Hassler
et al. (2011b), "Kranzler et al. (2011), ‘Maldonado and Price (1999),
iMaldonado et al. (2005), YWells et al. (1994); 'Lis and Shaked (2009), *Lis
and Shaked, unpublished.

browsing through published uptake data it becomes apparent that
kup values for any specific Fe-compound varies among organisms
in accordance with their sizes and degree of Fe limitation (Sunda
and Huntsman, 1995; Shaked et al., 2005). Seeking a way to present
data on many Fe-compounds and many phytoplankton species
simultaneously, we chose to establish a relative bioavailability scale
which is illustrated in Figure 5. Here, we divide the uptake con-
stants of various Fe complexes by the uptake constant of Fe’ where
both constants are obtained from a single study. The resulting ratio

represents the availability of model Fe-compounds relative to Fe’,
shown on a logarithmic scale for a variety of cultured phytoplank-
ton in Figure 5A. A similar calculation was conducted for natural
phytoplankton populations as shown in Figure 5B.

The data presented in Figure 5 clearly show that both in the
laboratory and natural environment Fe’ is highly bioavailable as
compared to most organically bound iron forms and colloids, as
previously suggested by Morel et al. (2008). A notable exception
to this is the recently reported high availability of Fe bound to
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saccharides, tested using model mono-and polysaccharides with
several cultured species, and natural phytoplankton (Figures 5A,B
and references therein). Iron bound to siderophores such as fer-
richrome (FC), ferrioxamine B (DFB), aerobactin (AB), and azo-
tochelin (AZ) is accessible to several cultured phytoplankton at a
low to intermediate degree as compared to Fe/. However, when
grown under Fe-replete conditions, diatoms from the genus Tha-
lassiosira (and we estimate that this is probably true for other
diatoms) are unable to access siderophore bound Fe (Figure 5A).
Similarly, ferrioxamine complexes are more accessible to nat-
ural phytoplankton assemblages in low Fe than high Fe waters
(e.g., Southern Ocean vs. Loch Scridain or offshore vs. coastal
stations in the subarctic Pacific, Figure 5B). While centric Tha-
lassiosira spp. diatoms acquire Fe from a wide range of organic
substrates, they are unable to internalize stable Fe oxides (Rich
and Morel, 1990). On the other hand, mixotrophic dinoflagellates
capable of consuming particles (e.g., Chrysochromulina ericina)
are able to utilize goethite but not FeDFB (Maranger et al., 1998;
Nodwell and Price, 2001). It is important to keep in mind that
the source of variation between phytoplankton species and Fe-
compounds in Figure 5 may also be attributed to experimental
conditions. For example, the relative bioavailability FeDFB may
change depending on the amount of excess free DFB present in the
experimental medium, where a higher excess makes FeDFB seem
less bioavailable. Nonetheless, we find this method of comparison
illuminating when considering the bioavailability of different Fe-
substrates to aquatic phytoplankton. In this respect, the use of
EDTA to buffer known Fe’ concentrations is indispensable since
Fe' is easily calculated despite differences in experimental set-ups.

Gauging the contribution of Fe-substrates to meeting phytoplankton
Fe demand in situ

Experimentally obtained uptake rate constants can help exam-
ine the availability of various Fe species in natural settings. This
is done by multiplying k., by measured or predicted concen-
trations of a specific Fe-compound. For example, multiplying
typical HNLC Fe concentrations of 70 pM chelated Fe (FeL) and
0.07 pM unchelated Fe (Fe/, Rue and Bruland, 1995) by rep-
resentative uptake constants- kEE,L ~2x107° Lcell"! day~! and
ksg ~1x107%Lcell™! day_1 (Shaked et al., 2005), results in FeL
uptake rate of ~1.4 x 107" mol Fe cell ™! day~! and Fe’ uptake
rate of ~7 x 10729 mol Fe cell ™! day~!. The overall uptake rate
of 2 x 107! mol Fe cell ! day~!, contributed 2/3 by FeL and 1/3
by Fe’, is well within the estimated steady state uptake of natural
phytoplankton of 2 x 1072°—4 x 10~!8 mol Fe cell ! day~! (e.g.,
Strzepek et al., 2005). Since the kyp of most FeL complexes is
much lower than that of Fe’ (Figure 5A), 1 pM Fe’ in the ocean
can be equated to 100-10000 pM of organically bound Fe, making
Fe’ a potentially important Fe source, despite its low concentra-
tions. Therefore, Fe’ formed by processes such as photoreductive
dissolution of Fe oxides (Waite and Morel, 1984; Wells et al., 1991;
Barbeau and Moffett, 2000) or the degradation of photolabile Fe
complexes (Barbeau et al.,2001; Rijkenberg et al., 2006; Amin et al.,
2009; Steigenberger et al., 2010) may contribute to a transient yet
significant Fe pool which caters, at least partially, to phytoplankton
iron requirements in surface waters (Morel et al., 2008).

Such calculations can also be used to examine if a specific com-
pound is likely to support in situ growth of certain phytoplankton
species by comparison to the minimal daily Fe requirements. As
an example we examine the ability of FeDFB to support Syne-
chococcus spp. growth. Table 1 details the calculation and shows
that the minimal theoretical daily Fe requirement of Synechococ-
cus is three orders of magnitude greater than its FeDFB uptake
capacity, even given an overshoot in the estimated concentration
of FeDFB-like Fe complexes in natural waters. Therefore while
Synechococcus is capable of transporting DFB bound iron (i.e.,
FeDFB can be termed bioavailable should uptake be the single cri-
terion for bioavailability), FeDFB or similar compounds alone are
insufficient in meeting the Fe demands of this organism.

Needless to say, care should be taken in the use of kyp as a
tool of comparison: factors such as experimental conditions and
environmental constraints should be taken into account. When
synthesizing laboratory and field data it is important to bear in
mind that the degree to which a specific organic Fe complex (FeL)
supports phytoplankton growth in situ is influenced by factors
other than its direct uptake rate. The residence time of FeL in
surface water and its tendency to undergo chemical and physi-
cal transformations all influence its final availability, an issue we
further explore in the next section.

ADDED COMPLEXITY TO BIOAVAILABILITY: BIO-MEDIATED
TRANSFORMATIONS OF Fe SPECIATION

Having discussed the fundamentals of bioavailability in the form
of uptake pathways and rates — we now turn our attention to the
added complexity of Fe—organism interactions (Figure 1). While
iron inputs and availability are widely recognized as factors shap-
ing the biology of marine and fresh water environments, biological
activities, in turn, exert strong control on iron speciation and
cycling in aquatic ecosystems, and may even influence its inputs
(Figure 6). Here we explore how Fe—organism interactions can
affect iron bioavailability in complex and sometimes unexpected
ways due to the many players and intricacies involved in natural
systems. We endeavor to address some of these complexities in the
present section.

Basic life processes significantly impact the inputs, speciation
and fate of iron in aquatic ecosystems (Figure 6). Secretion of
exopolymers and siderophores, bacterial Fe-oxide respiration, and
food web interactions involving bacteria, phytoplankton, grazers,
and viruses may all alter iron chemistry and resulting bioavailabil-
ity (Figure 6; e.g., Poorvin et al., 2004; Boye et al., 2005; Sarthou
etal.,2008; Schlosser and Croot, 2009). Thus, far from being slaves
to Fe, microorganisms are able to manipulate iron speciation in
their surroundings to some extent. Having said this, it should be
noted that very few microbial processes influencing iron chemistry
are clearly intended to serve iron acquisition purposes and more
importantly, not all biological modifications of iron speciation
influence its bioavailability favorably. In this section we classify
a number of major pathways by which microbial communities
alter iron speciation in aquatic environments. Microorganisms are
able to mediate Fe redox transformations in their immediate sur-
roundings while biological production and release of Fe-binding
ligands are imperative to keeping iron in solution. No less impor-
tant is the role microbial food web interactions play in the rapid
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FIGURE 6 | Selected examples of biological interactions with
external iron inputs (e.g., aeolian dust deposition, sediment
resuspension, fluvial, and hydrothermal Fe) and organism mediated
influences on iron speciation and recycling in aquatic environments.
While the microbial web in its entirety (from grazers to primary
producers, viruses and heterotrophic bacteria) influences iron dynamics
and availability to all community members, we focus on resultant Fe
bioavailability to photosynthetic microorganisms. Abbreviations: dFe,

dissolved iron; cFe, colloidal iron; pFe, particulate Fe. References:
aSander and Koschinsky (2011), ®\Wu et al. (2011), ¢Lohan and Bruland
(2008), “Severmann et al. (2010), ¢Batchelli et al. (2010), ‘Boyd et al
(2010Db), °Rubin et al. (2011), "Barbeau et al. (1996), Tang et al. (2011),
ISato et al. (2007), *Buck et al. (2010), 'Balzano et al. (2009), "Maldonado
and Price (1999), "Shaked et al. (2002), °Higgins et al. (2009), PStrzepek
et al. (2005), Tsuda et al. (2007), "Boyd et al. (2010a), *Boyd and Ellwood
(2010), *Kuma et al. (1996).

recycling of iron in surface waters. Iron regeneration has received
some recent attention (Strzepek et al., 2005; Boyd et al., 2010a)
and will not be discussed in detail here. Rather, we will focus on
the two former processes and their impact on the Fe pool available
to phytoplankton.

BIOLOGICAL CONTROL ON Fe REDOX TRANSFORMATIONS

Iron has two oxidation states of importance to its aquatic chem-
istry — Fe(II) and Fe(III). Processes of Fe oxidation and reduction,
known as redox reactions, take place throughout the water column,
across chemical gradients, in sediments, and microenvironments.
Redox reactions are central in determining the physical and chem-
ical form of iron and its subsequent chemical and biological reac-
tivity (Figure 7; Table 2). While both abiotic and biotic processes
regulate iron redox transformations, we focus on the role biology
plays in mediating iron redox cycling and the resulting effects on
Fe availability to phytoplankton. We also attempt to distinguish
between redox reactions of dissolved inorganic, dissolved organic
and colloidal/particulate iron, as the governing factors and the
ensuing changes in Fe bioavailability are likely to vary between the
different iron species (Figure 7; Table 2).

Speciation and reactions

In oxygenated, neutral pH surface waters iron persists predomi-
nantly in its oxidized form — Fe(III), as fluxes of the thermodynam-
ically unstable Fe(II) will undergo prompt oxidation by oxygen and
hydrogen peroxide (Figure 7; Table 2; Gonzalez-Davila et al., 2005;
Santana-Casiano et al., 2005). Fe(II) oxidation rates are not only
regulated by the abiotic factors of temperature, pH, and salinity
(Santana-Casiano et al., 2006), but also by biology. Bio-generated
redox reactive species, oxygen consumption and release via respi-
ration, as well as photosynthesis are able to influence oxidizing
agent type and concentration as well as local pH conditions.
In environments characterized by high biomass, low turbulence,

poor ventilation, or low alkalinity (e.g., marine aggregates, coastal
waters, oxygen minimum zones, and lakes) significant biological
modifications of the reactants and/or conditions involved in Fe(II)
oxidation have been reported (Emmenegger et al., 2001; Shaked
et al., 2002; Moffett et al., 2007; Lohan and Bruland, 2008). In
pelagic, low biomass surface ocean waters, biology is thought to
exert minor controls on Fe(II) oxidation rates (e.g., Miller et al,,
1995; Shaked, 2008). However, this view may require reassessment
given the biological production of superoxide and hydrogen per-
oxide recently observed in several new open ocean studies (Rose
et al., 2008; Hansard et al., 2010; Vermilyea et al., 2010).

In order for Fe(II) to persist at measurable concentrations in
oxygen rich water, continuous Fe(II) production and/or Fe(II)
supply must take place (Figure 7; Table 2). Multiple Fe reduc-
tion pathways were studied and suggested to operate at varying
degrees in surface waters, including direct photochemical reduc-
tion, reduction by superoxide of photochemical or biological
origin, thermal reduction, reduction by phytoplankton cell sur-
face enzymes, and microbial reduction in isolated suboxic and
anoxic microenvironments such as settling fecal pellets and aggre-
gates (Table 2; Alldredge and Cohen, 1987; Kuma et al., 1992;
Johnson et al., 1994; Voelker and Sedlak, 1995; Maldonado and
Price, 2001; Shaked et al., 2002; Kustka et al., 2005; Rose et al.,
2005; Barbeau, 2006; Rijkenberg et al., 2006; Balzano et al., 2009;
Roy and Wells, 2011). Fe(II) may be supplied from external sources
such as sediments, anoxic or suboxic water, hydrothermal vents,
rain and aerosols, or originate from the in situ recycling of cellu-
lar iron through grazing and viral lysis (Kieber et al., 2001; Croot
et al., 2005; Statham et al., 2005; Buck et al., 2006; Breitbarth et al.,
2009). In addition, retardation of Fe(II) oxidation by low tempera-
ture, low pH, or complexation by Fe(II) stabilizing organic ligands
are thought to contribute to the maintenance of measurable Fe(II)
concentrations (Croot et al., 2001, 2008; Roy et al., 2008).
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FIGURE 7 | Redox reactions of different Fe species in aquatic environments. See Table 2 below for details on processes 1-6 in the figure.

Table 2 | Redox reactions of different Fe species in aquatic environments, their governing factors, and potential influence on Fe speciation and

bioavailability (this table accompanies Figure 7).

Mediators and governing factors Effects on speciation and bioavailability References
1. Fe(ll) OXIDATION
¢ 0;, 05, H20, e Fe(lll) formation and subsequent hydrolysis and precipitation, a-C
decreases bioavailability
e Regulated by pH, temp, salinity
2. Fe(lllY REDUCTION
e Enzymatic— phytoplankton (assimilatory) & bacteria e Elevated [Fe(ll)s.s] and maintenance of active redox cycle, both of d-g
(dissimilatory — low oxygen) which slow down Fe(lll) hydrolysis and precipitation
e Direct photolysis or reduction by photo-produced reactive o Availability is enhanced when [Fe'] increases (as Fe(lll) and Fe(ll) are
transients equally bioavailable)
¢ O; (photochemical/biological origin)
e Humic and fulvic acids
3. Fe(lll)L REDUCTION AND DISSOCIATION
e Enzymatic (as above) e \Weaker ligand binding to Fe(ll) (compared to Fe(lll)L) may favor h-i
e Photochemical (as above) dissociation of free Fe(ll) and increase in [Fe’] and bioavailability
o Superoxide (as above) o If Fe(ll) remains complexed — its oxidation may be
stalled/accelerated compared to Fe(ll). Bioavailability of
Fe(IL = unknown
4. Fe(ll)L OXIDATION
e 07, 05, H202 o Rates are slower/faster than Fe(ll) oxidation resulting in -k
e Ligands (L)- some stabilize the complex as Fe(ll)L, some elevated/lowered [Fe(ll)Ls.s]
accelerate its oxidation e Bioavailability of Fe(ll)L — unknown
5. REDUCTIVE DISSOLUTION OF SOLID PHASE IRON
e Bacterial dissimilatory reduction in aggregates o Elevated [Fe’] due to increased Fe(ll) flux [-m
e Ingested colloids (zooplankton) e Elevated Fel (when ligands are at play)
e Direct photolysis and light enhanced siderophore e Dissolution enhances bioavailability as solid phase iron is largely
mediated dissolution inaccessible
6. OXIDATION OF SURFACE ADSORBED Fe(ll)
e O, and mineral surfaces (O, oxidizes surface bound Fe(ll) o If oxidation precedes detachment of Fe(ll): decreased flux of Fe(ll) n

much faster than dissolved Fe(ll))

e Following oxidation, the newly precipitated Fe is more reactive than

the original mineral

[Fe(ll)s.s], steady state Fe(ll) concentrations.

References: a. Santana-Casiano et al. (2005), b. Gonzalez-Davila et al. (2005), c. King et al. (1995), d. Shaked et al. (2002), e. Kustka et al. (2005), f. Voelker and Sedlak
(1995), g. Miller et al. (1995), h. Barbeau et al. (2001), i. Rijkenberg et al. (2006), j. Rose and Waite (2002), k. Rose and Waite (2003), I. Balzano et al. (2009), m. Barbeau

et al. (1996), n. Stumm and Sulzberger (1992).
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Thanks to the development of rapid and sensitive flow injec-
tion based chemiluminescence techniques (FI-CL), Fe(II) datasets
in the oxygenated upper waters of oceans and lakes have recently
begun to accumulate (Emmenegger et al., 2001; Shaked et al., 2002;
Ussher et al., 2007; Shaked, 2008; Hansard et al., 2009; Sarthou
etal.,2011). Some of these measurements point to a strong biolog-
ical control on Fe(II) formation as attested to by the co-variance of
chlorophyll and Fe(II) concentrations as well as measurable night-
time Fe(II) levels. Commonly, the presence of non-photochemical
Fe(II) in the photic zone is suggested to reflect Fe reduction by
assimilatory cell surface enzymes of phytoplankton or by biologi-
cally produced superoxide (e.g., Sarthou et al., 2011). Assimilatory
Fe reduction by cell surface enzymes is not likely to generate
high fluxes of Fe(II), as the Fe(II) is probably generated within
an enclosed protein complex and subsequently internalized by an
adjacent transport protein (Kustka et al., 2005; Shaked et al., 2005).
Rather, superoxide, a diffusible reducing agent which has recently
been shown to be generated non-photochemically throughout
the photic zone (Rose et al., 2008, 2010; Hansard et al., 2010),
may be a central player in Fe(II) formation. Similarly, experi-
mental observations of phytoplankton mediated Fe reduction in
flow through systems [where Fe(II) is detected downstream of
membrane-mounted cells], may be caused by superoxide released
from the cells (Milne et al., 2009; Saragosti et al., 2010) in addition
to or rather than cell surface enzymes. Despite emerging evi-
dence for non-photochemical Fe(II) formation, photochemistry
should not be underestimated as a strong mediator of Fe redox
reactions. Currently, it is analytically challenging to detect photo-
chemically produced Fe(II) as it oxidizes completely by the time
the water is retrieved and analyzed. Minimizing collection time
with high throughput pumps, Shaked (2008) observed a highly
active photo-induced redox cycle in the surface waters of the Gulf
of Agaba.

Bioavailability

As Fe(II) is far more soluble than Fe(III), reductive processes gen-
erating Fe(IT) and/or the occurrence of the thermodynamically
unstable Fe(II) in surface waters are commonly linked to enhanced
iron bioavailability (e.g., Sunda, 2001). This often justified notion
merits careful consideration as some Fe(II) species may not be
available and since not all reductive processes increase Fe avail-
ability. Aided with Table 2 and Figure 7, we outline the effects of
several reductive processes on Fe bioavailability below.

While Fe(II) is potentially the more bioavailable redox state of
Fe, several factors will determine whether iron availability is indeed
increased by reductive processes. These include the characteristics
of the Fe species undergoing reduction, the reductive pathway, the
presence of other ligands and oxidants in the immediate surround-
ings, and ultimately the uptake machinery of the phytoplankton
utilizing this iron. As a rule of thumb, redox processes that increase
the concentrations of dissolved inorganic Fe (be it Fe(II)’ or
Fe(III)’), will generally tend to boost the bioavailability of iron.
With this in mind, we discuss the potential for Fe’ release and/or
changes to Fe lability occurring in different reductive processes.

Reductive dissolution of solid phase Fe. As solid phase Fe
is considered unavailable to phytoplankton (Rich and Morel,
19905 Wells et al., 1991), reductive dissolution of mineral Fe or

surface adsorbed Fe generate Fe’, and thus enhance Fe availability
(Figure 7; Table 2). Even when the Fe’ formed through reductive
dissolution exceeds its solubility limit, it will hydrolyze and form
fresh hydroxides which serve as a better iron source than their par-
ent minerals (Stumm and Sulzberger, 1992; Yoshida et al., 2006).
When reductive dissolution of mineral Fe is mediated, assisted, or
occurs in the presence of organic ligands, it results in FeL (organi-
cally bound Fe) rather than Fe’ (Kraemer, 2004; Borer et al., 2005).
As stated previously, Fe' is acquired at faster rates than most stud-
ied dissolved organic Fe-complexes (see section “Phytoplankton Fe
Acquisition Rates”, Figure 5), and hence the presence of organics
may slow uptake down. On the other hand, organic complexation
may sustain dissolved Fe in surface waters for longer and at concen-
trations exceeding its solubility limit (see next section “Biological
Production and Release of Iron Binding Ligands”), subsequently
providing phytoplankton with Fe over a longer duration.

Reduction of organically bound Fe(III). As reasoned above,
reductive release of Fe’ from organic complexes is likely to enhance
uptake, at least over short time scales (Figure 7; Table 2). When the
ligand (L) undergoes photo-destruction, free, unchelated Fe(II) is
liberated and Fe’ increases, as has been extensively demonstrated
for Fe(III)EDTA (Hudson and Morel, 1993; Sunda and Huntsman,
1997). In other cases, Fe(II) may remain complexed as Fe(II)L,
undergo reoxidation to Fe(III)L or dissociate as unchelated Fe(II)
due to reduced ligand affinity for Fe(II) (Harrington and Crum-
bliss, 2009). Hence, some of these redox transformations will
ultimately not alter Fe speciation, but others may temporarily
shift Fe(III) from strong complexes into weak complexes, possibly
enhancing Fe bioavailability.

Reduction of Fe(IlI)’. Unlike the former reductive processes
which enhance Fe’ concentrations, the total unchelated iron
pool remains unchanged when ferric Fe’ transforms into ferrous
Fe(II)’ (Figure 7; Table 2). Nonetheless, this reaction mediated
by enzymes on the cell surface, is central to the acquisition of
Fe’ through the reductive uptake pathway described in Section
“Uptake Pathways of Aquatic Phytoplankton,” at least for eukary-
otes (Shaked et al., 2005). Fe(III)’ may alternatively undergo
reduction by superoxide in the bulk solution (Voelker and Sedlak,
1995), but the effect of this process on Fe availability is dis-
putable. Kustka et al. (2005) found that Fe’ uptake by diatoms
remained unaffected by superoxide mediated reduction of Fe(III)’
in the experimental medium, while Rose et al. (2005) reported that
superoxide enhanced Fe’ uptake by cyanobacteria. More work is
required to evaluate the importance of bulk solution Fe’ reduction
in increasing Fe availability.

Thus far we examined the effect of reductive processes on Fe
availability and now we turn to the chemical nature and bioavail-
ability of Fe(II), where increasing reports suggest that some of the
measured Fe(II) in the ocean is organically bound (Croot et al,,
2008; Roy et al., 2008). The existence of Fe(II) binding ligands is
deduced from deviations in Fe(II) oxidation kinetics in some nat-
ural samples as compared to seawater free of organic matter (Roy
et al., 2008). Currently, neither the identity nor the bioavailabil-
ity of these complexes is known and hence elevated Fe(II) levels
are not necessarily indicative of enhanced bioavailability. Indeed,
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phytoplankton iron stress was not alleviated in Fe fertilized areas
where Fe(II) accounted for a significant fraction of the dissolved
iron pool (Croot et al., 2008; Roy et al., 2008). Moreover, as the
iron in Fe(II)L complexes is already reduced, phytoplankton can-
not employ reductive pathways to liberate it from the complex
prior to transport as they do for Fe(III)L (see Uptake Pathways
of Aquatic Phytoplankton). Thus, if these Fe(II)L are slow to oxi-
dize, we are faced with yet another challenge in determining the
transport pathways of Fe(II)L.

BIOLOGICAL PRODUCTION AND RELEASE OF IRON BINDING LIGANDS
Over the course of their short life span, aquatic microbes release
copious amounts of biomolecules into their immediate envi-
ronments. These diverse secretions and exudates include waste
products, secondary metabolites, sugars, and proteins as well as
cellular contents released via grazing, viral attack or programmed
cell death (Bidle and Falkowski, 2004; Poorvin et al., 2004; Strzepek
et al., 2005; Dalbec and Twining, 2009; Boyd et al., 2010a). While
the minority of microbial secretions are synthesized and released
with the explicit purpose of binding iron, many do possess an
Fe-binding capacity of some kind (Rijkenberg et al., 2008; Has-
sler et al., 2011a; Levy et al., 2011). It is now well established that
the overwhelming majority of dissolved (and in some cases col-
loidal) iron in most aquatic environments is found as organic
complexes (Hunter and Boyd, 2007; Vraspir and Butler, 2009).
Research efforts to elucidate the nature and origin of these Fe-
binding organic ligands have yielded ambiguous results, reflecting
the fact that (a) organic ligands may be introduced into aquatic sys-
tems via multiple pathways within and outside the water column
and (b) organically bound iron (FeL) may be subjected to fur-
ther biological and chemical transformations (Figure 7; Table 3).
Not all organic Fe complexes are available to all phytoplankton,
and even those FeL which are utilized are most likely less available
than dissolved inorganic iron (Fe'; Figure 5; Morel et al., 2008).
Nonetheless, iron binding ligands are vital for the maintenance of
dissolved iron concentrations well above the Fe solubility limit and
for retarding Fe aggregation and loss from surface waters (Kuma
etal., 1996). Here we provide an abridged overview of some of the
organic Fe complexes thought to exist in seawater, highlighting
the ways in which organic complexation affects Fe speciation and
bioavailability.

Speciation

Organic ligands capable of binding iron (and other metals), were
detected in pelagic and coastal ocean waters, estuaries, lakes, and
rivers, often in excess of dissolved Fe concentrations (Boye et al.,
2001; Nagai et al., 2007; Duckworth et al., 2009; Hassler et al.,
2009; Laglera and van den Berg, 2009; Buck et al., 2010). Using
competitive ligand exchange (CLE) techniques, researchers have
classified two major organic Fe ligand groups based on their sta-
bility constants with regards to Fe’>T — the strong L1 and weaker
L2 class (e.g., Gledhill and van den Berg, 1994; Ibisanmi et al.,
2011). A common view is that the strong L1 ligand class consists
of siderophore-like molecules, while the less strongly complex-
ing L2 ligands consist of cellular degradation products. However,
the picture is probably more complex and there are additional
weaker natural Fe ligands, such as saccharides, overlooked by CLE

Table 3 | The influence of siderophore and saccharide release on iron
chemistry and availability in aquatic environments.

Siderophores Saccharides (EPS, TEP)

RESULTING IRON SPECIES

Strongly bound organic dFe & cFe Organically bound/adsorbed dFe,

Fe(lllL cFe, & pFe
IRON SPECIES ACTED UPON
dFe, cFe, & pFe dFe & cFe

IMPACT
e Maintain Fe in solution e Maintain Fe in solution or promote
e Fe proximity to cell (amphiphilic) its aggregation and export from
photic zone
e Fe proximity to cell
SUBSEQUENT TRANSFORMATIONS

Photochemical reduction

o Particulate Fe dissolution

e Photochemical reduction
e Ligand exchange
o Adsorption/desorption of dFe

ORGANISMS AT PLAY
Heterotrophic bacteria, fresh water Phytoplankton, Bacteria, Viruses,
phytoplankton Zooplankton

BIOAVAILABILITY
Varies between complexes and As high as Fe’ for all studied
organisms but probably lower organisms
compared to Fe’

REFERENCE
a—f g-m

dFe, dissolved iron; cfFe, colloidal iron, pFe, particulate Fe.

References: a. Sandy and Butler (2009), b. Vraspir and Butler (2009), ¢. Holmén
and Casey (1996), d. Martinez et al. (2000), e. Kraemer et al. (2005), f. Barbeau
etal. (2003), g. Hassler et al. (2011a), h. Hassler and Schoemann (2009), i. Steigen-
berger et al. (2010), j. Passow (2002), k. Strmecki et al. (2010), I. Berman-Frank
et al. (2007), m. Decho (1990).

methods (Town and Filella, 2000; Hunter and Boyd, 2007; Boyd
and Ellwood, 2010).

The most studied microbial Fe-binding exudates are
siderophores, compounds which have been isolated from both
freshwater and seawater (Table 3; Macrellis et al., 2001; Mawyji
et al., 2008; Velasquez et al., 2011). Typified by an exceptionally
high Fe-binding capacity and low molecular weight, siderophores
are produced under iron limitation by marine heterotrophic bacte-
ria and some fresh water cyanobacteria (e.g., Haygood et al., 1993;
Vraspir and Butler, 2009), while production by marine cyanobac-
teria remains controversial (Hopkinson and Morel, 2009). Less
studied, but widely spread microbial exudates capable of bind-
ing iron are exopolymer substances (EPS) and their transparent
exopolymer particles (TEP) derivatives (Table 3). These high
molecular weight saccharide-rich exopolymers are secreted by
most microorganisms, including phytoplankton, bacteria, and
zooplankton (Decho, 1990; Passow, 2002; Wotton, 2004; Croot
et al., 2007). EPS are thought to weakly bind iron compared to
siderophores based on recent data from several model saccharides
(Hassler et al., 2011a). TEP, on the other hand, have been shown to
have a high affinity for Fe (Quigley et al., 2002). Many other com-
pounds secreted or released due to grazing and lysis contribute to
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the “Fe ligand soup” in aquatic environments (Boye et al., 2005;
Tsuda et al., 2007; Strmecki et al., 2010; Poorvin et al., 2011). The
release of iron binding ligands in cultures supplemented with Fe
was reported for the marine haptophyte E. huxleyi and two diatom
species, qualifying these as non-siderophore Fe-binding ligands
(Boye and van den Berg, 2000; Rijkenberg et al., 2008). Some tox-
ins, capable of binding Fe (but not as strongly as siderophores) are
known to be synthesized by harmful bloom forming phytoplank-
ton upon Fe limitation (Rue and Bruland, 2001). Secretion of both
the neurotoxin domoic acid (a water soluble amino acid produced
by Pseudo-nitzschia spp.) and the hepatoxin microcystin (a pep-
tide produced by Microcystis aeruginosa) were shown to improve
growth under low Fe conditions (Maldonado et al., 2002; Wells
etal., 2005; Alexova et al., 2011). Interestingly, these toxins do not
directly provide the cell with Fe, but rather increase copper supply
for Pseudo-nitzschia spp. enabling the synthesis of copper con-
taining high affinity iron uptake proteins (Maldonado et al., 2002;
Wells et al., 2005), and probably aid M. aeruginosa in oxidative
damage protection (Alexova et al., 2011). In addition, terrestrial
humics have recently been suggested to be important iron binding
ligands in open ocean waters (van den Berg, 1995; Laglera and van
den Berg, 2009; Laglera et al., 2011).

Bioavailability

At the cellular level, acquisition of a specific compound depends to
a large degree on the uptake machinery possessed by an organism
(see Phytoplankton Fe Acquisition Systems). In the natural envi-
ronment, additional parameters such as the compound residence
time in surface waters and its tendency to undergo biological and
chemical transformation influence its ability to support growth
(Figure 1). In this section we briefly examine the effect of envi-
ronmental and chemical factors on phytoplankton Fe acquisition
from EPS and siderophore bound iron.

At the organism level, recent studies have found that iron bound
to model saccharides is highly available to diatoms and natural
phytoplankton assemblages (Figure 5; Table 3; Hassler and Schoe-
mann, 2009; Hassler et al., 2011a,b). This was accounted for by the
ability of saccharides to stabilize iron in the dissolved and col-
loidal form and increase the labile Fe pool (Hassler et al., 2011b).
In the natural environment, the effect of saccharides on Fe sol-
ubility and residence time in the surface water is less clear. EPS
and TEP were shown to promote aggregate formation and particle
export (Decho, 1990; Passow, 2002), thus possibly shortening the
residence time of saccharide bound Fe in surface waters (Berman-
Frank et al., 2007). Additionally, iron bound to saccharides may
be subjected to chemical and photochemical transformations, fur-
ther altering its fate and accessibility to phytoplankton. Iron is
weakly bound to saccharides and may be exchanged with stronger
ligands such as siderophores (Hunter and Boyd, 2007). Pho-
tochemical Fe(II) production from saccharide bound iron was
recently reported (Steigenberger et al., 2010), but its environmen-
tal repercussions are unexplored as yet. Lastly, EPS often create
protective microenvironments around microbial consortia, single
cells, and cell aggregates (Decho, 1990; Passow, 2002). The forma-
tion of such microhabitats impacts all concentration dependent
processes and, as such, EPS surrounded cells may be diffusion lim-
ited when it comes to acquiring dissolved Fe from the surrounding

waters. However, EPS confers two significant advantages on cells:
firstly, EPS are highly adsorbent allowing for the storage and easier
processing of iron and secondly the confined microenvironment
provides protection from diffusive losses of Fe associated with the
EPS (Sunda, 2001; Hassler et al., 2011a).

The role of siderophores in supporting phytoplankton growth
in situ has received more attention than any other Fe chelator, but
in turn raised many new questions (Table 3; Maldonado et al,,
2005; Pickell et al., 2009). As the acquisition of siderophores was
detailed in Section “Phytoplankton Fe Acquisition Systems,” we
briefly discuss two chemical features of siderophores with poten-
tial repercussions for iron fate and bioavailability. Firstly, many of
the Fe-siderophore complexes isolated from marine bacteria are
photolabile (Barbeau et al., 2001, 2003; Vraspir and Butler, 2009).
However, due to the fast oxidation of Fe(II) within the complex and
since the photoproduct still binds Fe with high affinity, this photo-
reactivity does not seem to confer any clear biological advantage
(Vraspir and Butler, 2009). This is not always the case however:
recently, photo-reduction of iron bound to a newly identified
siderophore, vibrioferrin, and the subsequent release of Fe’ was
reported to enhance iron uptake by dinoflagellates (Amin et al,,
2009). Vibrioferrin undergoes photo-degradation and does not
retain significant Fe-binding capacity, thus releasing Fe'. Secondly,
many marine siderophore isolates also tend to be amphiphilic
and closely associate with bacterial membranes, possibly prevent-
ing their loss by diffusion in the marine environment (Vraspir
and Butler, 2009). Although the study of amphiphilic siderophore
partitioning to membranes is at a very early stage, it may bear
interesting implications for the function of siderophores in iron
acquisition in the ocean.

SUMMATION

The topic of iron bioavailability has garnered wide spread interest
from the scientific community, yet due to its intrinsic complex-
ity a well-rounded understanding of this concept is lacking. In
this contribution we have attempted to disassemble bioavailability
and address some of its more biologically orientated facets. Of the
many topics covered in this synthesis, we conclude with a summary
of the principal arguments and perhaps unorthodox perspectives
which we hope lend some insights into Fe bioavailability in the
aquatic environment.

e Iron acquisition by means of reduction is a widespread Fe
uptake strategy in the ocean, common to both eukaryotic and
prokaryotic phytoplankton. Both experimental and genomic
data challenge the prevalent paradigm of siderophore-based Fe
uptake as an exclusive iron acquisition pathway amongst marine
cyanobacteria. We propose that the occurrence of siderophore
vs. reductive iron uptake can be put down to environmen-
tal rather than taxonomic considerations. Organisms resid-
ing in densely populated, low turbulence environments (e.g.,
fecal pellets, marine snow, or colony-consortiums) will favor
siderophore-based Fe acquisition, while pelagic phytoplankton
will favor the non-specific reductive strategy enabling them to
access the dilute, heterogeneous Fe pool.

e The availability of various Fe-substrates to phytoplankton can
be viewed as a spectrum rather than an absolute “all or nothing.”
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A bioavailability scale can be established by comparing sub-
strate normalized uptake rates (by means of the uptake rate
constant — kyp). We suggest that a further normalization of FeL
uptake constants relative to the Fe’ uptake constant is highly
useful in the comparison of different studies, organisms and
environments. Hence, in order to establish a baseline for the
determination of relative bioavailability, we urge for the use of
EDTA in order to better regulate Fe’ instead of or in addition
to ligand-free FeCl;. Looking beyond short term uptake, kyup
can be used to gage if a specific compound is likely to be a sig-
nificant contributor to the Fe requirements of phytoplankton
in the environment. This same approach can be extended to
natural systems where kyp, values of natural ligands by known
organisms may be compared to model ligands while the kyp
values of known Fe-substrates by natural communities may be
contrasted with those of model organisms.

For a fuller understanding of iron bioavailability we look beyond
phytoplankton iron uptake pathways and rates. Microorganisms
are not only influenced by their environment but are them-
selves agents of change when it comes to Fe bioavailability.
Bio-mediated redox transformations, microbial exudates and
secretions as well as food web interactions impact iron specia-
tion, residence time in surface waters and ultimate accessibility

e Due to the greater solubility of Fe(Il) compared to Fe(III),
the occurrence of reductive processes and/or measurable Fe(II)
concentrations is often equated with increased bioavailability.
Accumulating evidence suggests that Fe(II) in seawater is organ-
ically bound may alter this view, as it is unclear to what degree
Fe(II)L is accessible to phytoplankton. Moreover, iron avail-
ability does not necessarily increase following its reduction.
Factors such as the characteristics of the Fe species undergoing
reduction, the reductive pathway, the presence of other ligands
and oxidants in the immediate surroundings, and ultimately
the uptake machinery of the phytoplankton utilizing this iron,
should be considered when evaluating the effect of reductive
processes on iron availability.
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APPENDIX

DATA IN SUPPORT OF THE PREVALENCE OF REDUCTIVE IRON UPTAKE
AMONGST PHYTOPLANKTON (FIGURE 3)

The laboratory cultures (Table Al) and field populations
(Table A2) included in Figure 3 were taken from various stud-
ies which demonstrate the presence of a reductive mechanism by
one or more of the following techniques:

(a) Colorimetric detection of cell-mediated Fe reduction —
measured as accumulation of Fe(II) over time in the pres-
ence of cells and a ferrous trapping ligand that binds Fe(II)
prior to its oxidation by oxygen or transport. Commonly,
cell-mediated Fe reduction is measured via colorimetric meth-
ods in the presence of Ferrozine (Fz) or Bathophenanthro-
linedisulfonic acid (BPDS). This method requires relatively
high micromolar iron concentrations due to its low sensi-
tivity. Shaked et al. (2004) developed a sensitive assay for
cell-mediated Fe’ reduction using radiolabeled iron. This
reduction assay is conducted simultaneously with Fe’ uptake at
physiologically relevant nanomolar iron concentrations, and
it was applied for many of the data presented here.

(b) Genetic studies which find components of the reductive
uptake system.

(c) EPR — Electron paramagnetic resonance showing Fe reduc-
tion.

(d) Inhibition of uptake by Fz/BPDS — Comparing uptake rates
in the presence and absence of the membrane imperme-
able Fe(II) ligands, Ferrozine or BPDS. Here, Fe(II) formed
by cell-mediated reduction is trapped and made unavailable
for uptake by the cell, hence inhibiting iron uptake by cells
employing this strategy. An explanatory illustration of this
procedure is found in Figure A1 while Figure A2 provides an
example of experimental data using this method.

DATA SUPPORTING THE RELATIVE BIOAVAILABILITY SCALE (FIGURE 5)
Tables A3 and A4, outline the data used for constructing Figure 5.

Uptake rates obtained from different sources were first normalized
to Fe-substrate concentration (either Fe’ for FEEDTA or to FeL for
iron bound to ligand L, providing ligand L complexed iron strongly
and/or was present in sufficient excess to rule out Fe precipitation)
in order to calculate ky), according to Eq. 1:
kup = p/[Fe]. (A1)
where p is Fe uptake rate [mol Fe cell=! h=!], [Fe] is Fe-substrate

concentration [molL™!]. The calculation applies only to sub-
saturating uptake rates. The kyp obtained for the different Fe

complexes — ki<" were further normalized by dividing it by kL€ .

Note on Fe-substrates

Goe — goethite is an Fe-oxide mineral (FeOOH); DFB — desfer-
rioxamine B is a trihydroxamate siderophore; AB — Aerobactin is
hydroxamate photolabile siderophore; FC — ferrichrome is a tri-
hydroxamate siderophore; PYN — Porphyrin; MS — Monosaccha-
rides; PS — Polysaccharides; AZ — Azotochelin is a bis-catecholate
siderophore produced by nitrogen-fixing soil bacterium Azotobac-
ter vinelandii; DPS — DNA binding protein from starved cells (iron
storage proteins); CAT — Gallocatechin is a polyhydroxybenzene
catechol derivative found in green tea; DFE-desferrioxamine E is
a trihydroxamate siderophore.

Note on the saccharides uptake data

In the saccharides uptake experiments no Fe’ uptake data was
reported. Since we view these as potentially important experi-
ments we chose to normalize the saccharide uptake constant to
that of FeCls added at concentration of 1 nM. Given a solubility
limit of 0.2-0.5 nM (Liu and Millero, 2002), it is possible that some
of the Fe precipitated in the experiments. This was demonstrated
in control measurements — roughly 30% of the FeCl; remained in
the dissolved fraction, about 12% was in colloidal form and the
remainder in the particulate fraction. To calculate kEg we related
to the dissolved fraction as the Fe-substrate concentration.
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Ferrozine SOaNa

Fe(II) trap
Fz/BPDS

FIGURE A1 | Trapping of ferrous iron formed during Fe’ reduction with on the right top and bottom respectively. Fe(ll)Fz; and Fe(ll)BPDS; are
ferrozine (Fz) or Bathophenanthrolinedisulfonic acid (BPDS). The Fe(ll) detected spectrophotometrically at 562 and 533 nm, respectively. Additionally
trap competes with cells over ferrous iron formed during cell-mediated Fe Fe(ll)Fz; and inhibition of Fe uptake by Fz/BPDS can be detected in radioactive

reduction. The structures of two such traps — ferrozine and BPDS — are shown  experiments. Figure based on Lis and Shaked (2009).
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FIGURE A2 | Experimental data of iron uptake by SynechococcusWH8102  from 90 nM **FeDFB by iron limited Synechococcus WH8102 was inhibited in
in the presence and absence of Ferrozine (Fz), on the basis of which the the presence of 200 wM Fz. The inhibitory effect stems from the trapping of
occurrence of the Fe reductive pathway is deduced. The uptake of iron Fe(ll) formed through cell surface enzymatic reduction during Fe uptake.
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Table A1 | Experimental evidence showing the existence of an iron reductive uptake pathway in laboratory cultures.

Organism

Type of evidence

Reference

Thalassiosira pseudonana

Thalassiosira weissflogii
Thalassiosira oceanica

Cylindrotheca fusiformis
Phaeodactylum tricornutum
Peridinium gatunense
Tetraselmis suecica
Chlamydomonas reinhardtii

Dunaliella bardawil
Chlorella vulgaris
Chlorella kessleri
Chlorococcum littorale
Emiliania huxleyi
Synechococcus WWH7803
Synechococcus WWH8102
Synechocystis PCC6803
Microcystis aeruginosa
Lyngbya majuscula
Trichodesmium erythraeum

FZ/BPDS inhibits uptake, Fe reduction

Genetic — Fe reductase, multi-Cu oxidase

FZ/BPDS inhibits uptake; Fe reduction

FZ/BPDS inhibits uptake; Fe reduction

Cu induced Fe uptake inhibition multi-Cu oxidase
FZ/BPDS inhibits uptake; Fe reduction

FZ/BPDS inhibits uptake; Fe reduction

FZ/BPDS inhibits uptake; Fe reduction

FZ/BPDS inhibits uptake

Fe reduction; Genetic — Fe reductase, multi-Cu oxidase

Fe reduction; Genetic — Fe reductase
FZ/BPDS inhibits uptake; Fe reduction EPR
Fe reduction

Fe reduction

FZ/BPDS inhibits uptake; Fe reduction
FZ/BPDS inhibits uptake; Fe reduction
FZ/BPDS inhibits uptake; Fe reduction
FZ/BPDS inhibits uptake; Fe reduction
FZ/BPDS inhibits uptake; Fe reduction
FZ/BPDS inhibits uptake; Fe reduction
FZ/BPDS inhibits uptake; Fe reduction

Kustka et al. (2005), Shaked et al. (2005), Maldonado et al. (2006)

Jones et al. (1987), Shaked et al. (2005)
Maldonado and Price (2001), Maldonado et al. (2006)

Lis and Shaked (in preparation)
Soria-Dengg and Horstmann (1995)
Shaked et al. (2002)

Lis and Shaked (in preparation)

Eckhardt and Buckhout (1998), Weger (1999), Allen et al. (2007),
Chen et al. (2008)

Keshtacher et al. (1999), Paz et al. (2007)
Allnutt and Bonner (1987)

Middlemiss et al. (2001)

Sasaki et al. (1998)

Lis and Shaked (in preparation)

Lis and Shaked (in preparation)

Lis and Shaked (in preparation)

Kranzler et al. (2011)

Fujii et al. (2010)

Rose et al. (2005)

Shaked (unpublished)

Table A2 | Experimental evidence showing the existence of the reductive iron uptake pathway in field populations.

Field location

Type of evidence

Reference

Southern ocean
Subarctic Pacific (>3 um)
Bering Sea (>5pum)

Gulf of Agaba (>0.2 um)
Loch Scridain (>20 pum)
Lake Kinneret

Calculation
Uptake
Uptake
Uptake
Uptake
Uptake

Maldonado et al. (2005)
Maldonado and Price (1999)
Shaked et al. (2004)

Lis and Shaked (2009)

Lis and Shaked (in preparation)
Shaked et al. (2002)
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Table A3 | Data used in the calculation of relative bioavailability of laboratory cultures (Figure 5A).

Organism Fe Ligand

Avg kyp

Units

Rel. bioavail

Reference

Notes

Fe-limited Fe’

DFB
Ferrichrome
Goethite
Fe-replete DFB
Ferrichrome

4.6E-09

2.9E-07
3.7E+07
6.0E-13
7.2E-10

1.2E-10

0

0

0

L~"cell="h™’

L= um=2h~!
L="mol~" day~"
L~"cell="h™?
L= um=2h-!
L= um=2h~!

1.3E-04
2.5E-03
4.1E-04

Shaked et al. (2005)

Chen and Wang (2008)
Nodwell and Price (2007)
Shaked et al. (2005)
Chen and Wang (2008)
Chen and Wang (2008)
Nodwell and Price (2007)
Chen and Wang (2008)
Chen and Wang (2008)

Fe(diss) estimated at
0.1nM
Based on growth rates

Fe:DFB (1:5)

Fe:DFB (1:1.1)

Fe:FC (1:200)

Based on growth rates
Fe:DFB (1:5)

Fe:FC (1:200)

Fe’
DFB
Aerobactin

12.9E-10

6.6E—14
2.3E-13

L= cell="h™?
L'cell="h~?
L~ cell="h™?

3.4E-04
1.2E-03

Kranzler et al. (2011)
Kranzler et al. (2011)
Kranzler et al. (2011)

Fe:DFB (1:1.3)
Fe:AB (1:2.3)

Fe’/ 4.1E-09 L' cell="h~? Hassler and Schoemann (2009) ~30% of FeClz in
dissolved phase
DFB 6.10E—11 L~ cell="h™? 1.56E—02 Hassler and Schoemann (2009) Fe:DFB (1:15)
Monosaccharides ~ 4.8E—09 L~ cell="h™? 12 Hassler and Schoemann (2009) Fe:MS (1:15)
Polysaccharides 6.2E—09 L~"cell="h~’ 1.53 Hassler and Schoemann (2009)  Fe:PS (1:15)

Fe/ 4.2E—08 L~"um=2h~1 Chen and Wang (2008) Fe(diss) estimated at
0.1nM

Fe’ 2.2E-11 L~"cell="h™? Lis and Shaked (in preparation)

DFB 2.8E—11 L~"um=2h~1 6.7E—04 Chen and Wang (2008) Fe:DFB (1:5)

DFB 12E-14 L"cell="h™? 5.4E—04 Lis and Shaked (in preparation) Fe:DFB (1:2)

Ferrichrome 2.0E—11 L~ um=2h~" 4.8E—-04 Chen and Wang (2008) Fe:FC (1:200)

Fe’ 6.00E-08 L~ 'cell="h™! Shaked et al. (2005) Fe' from Shaked et al.
(2005) used for all .w ratio
calculations

DFB 2.90E—11 L~"cell="h™? 4.8E—04 Shaked et al. (2005) Fe:DFB (1:1.1)

DFB 2.56E—11 L~ cell="h™? 4.3E-04 Shi et al. (2010) Fe:DFB (1:2)

Ferrichrome 1.6E—10 L' cell="h~? 2.7E-03 Shaked et al. (2005)

Deuteroporphyrin 1.9E—10 L~ cell="h™? 3.2E-03 Kustka et al. (2005)

Grazed Fe 3.4E-11 L~"cell="h™? 5.6E—04 Shi et al. (2010)

Fe-Azotochelin 1.6E—10 L~ cell="h™? 2.7E-03 Shi et al. (2010)

Fresh ferrihydrite 3.3E-10 L~ cell="h? 5.6E—03 Shi et al. (2010)

Fe-dPS 45B5E-1 L~"cell="h~’ 75E—04 Shi et al. (2010)

THALASSIOSIRAOCEANICA

Fe’ 2.56E—08 L' cell="h~? Maldonado and Price (1996)

DFB 4.0E-12 L' cell="h~? 1.6E—04 Maldonado and Price (2001) Fe:DFB (1:10)

Fe/ 2.0E+07 L="mol~" day~" Nodwell and Price (2001) Based on growth rates
DFB 0 L="mol~" day~! 0 Nodwell and Price (2001) Based on growth rates
Goethite 5.0E4-05 L=" mol~" day~" 2.53E—02 Nodwell and Price (2001) Based on growth rates

(Continued)
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Table A3 | Continued

Organism Fe Ligand Avg kyp Units Rel. bioavail Reference Notes

Fe' 2.0E-09 L~"cel-"h~" Hassler and Schoemann (2009) ~30% of FeClg in
dissolved phase
DFB 6.1E—1 L~ cell="h™? 3.1E-02 Hassler and Schoemann (2009) Fe:DFB (1:15)
Monosaccharides 2.6E—09 L~ cell="h™? 1.3E+00 Hassler and Schoemann (2009) Fe:MS (1:15)
Polysaccharides 3.5E-09 L~"cell="h~" 1.8E+00 Hassler and Schoemann (2009) Fe:PS (1:15)
THALASSIOSIRAANTARCTICA
Fe’ 3.67E—08 L"cell="h! Hassler and Schoemann (2009) ~30% of FeClz in
dissolved phase
DFB 6.1E-1 L~ cel="h~" 1.7E—03 Hassler and Schoemann (2009) Fe:DFB (1:15)
Monosaccharides 2.9E-08 L~ cell="h™? 7.9E-01 Hassler and Schoemann (2009) Fe:MS (1:15)
Polysaccharides 3.5E—-08 L~Tcell="h1 9.6E—01 Hassler and Schoemann (2009) Fe:PS (1:15)

Table A4 | Data used in the calculation of relative bioavailability of natural assemblages (Figure 5B).

Field study location Fe ligand Avg kyp Units Rel. bioavail. = Reference Notes

Data taken from 1996 study

Coastal (station P4) Fe/ 92E-01 L "mol~'Ch™" performed along line P which
DFB 73E-03 8.0E—03 Maldonado and Price  runs from coast (P4, high Fe)
(1999) to offshore (P26, lower Fe)
DFE 77E-03 8.3E-03 waters
Offshore (station P26) Fe’ 5.8E—02 FelL at ratio of 1:5 for DFB and
DFE
DFB 3.2E-03 5.4E-02
DFE 3.1E-03 5.2E-02
'SOUTHERN OCEAN -08ym
South of polar front Fe’ 256E-13 L~ 'h™? Hassler et al. (2011) Fe’ assumed to be 1nM
DFB 5.0E-14 2.0E-01 Uptake rates from lowest con-
centration of ligand additions
Monsaccharides ~ 3.8E—13 1.5E+00
'SOUTHERN OCEAN -02pm
Fe/ 26E+02 LT mol~'Ch™’ Maldonado et al. Uptake rates from dark exper
(2005) iments
FeDFB 7.9E4+00 3.0E-02
Gallocatechin 4.8E+02 1.8E4+00 FeL is 1:10 for organic ligands,

DFB, and Gallocatechin
in situ ligands 1.1E+02 4.2E-01

Upwelling region FeDFB 0 0 Wells et al. (1994) Fe:DFB (1:5); population dom-
inated by Synechococcus spp.

Fe’ 79E-02 L "mol™’ 70E—-05 Lis and Shaked (in Fe:DFB (1:2); population dom-
preparation) inated by Pseudo-nitzschia
spp. diatoms
DFB 5.6E—06
'GULFOFAQABA -02um
Fe’ 1.6E—01 Lis and Shaked (in Fe:DFB (1:2); population dom-
preparation) inated by Synechococcus spp.
FeDFB 2.5E-04 1.6E—03
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Bottle assays and large-scale fertilization experiments have demonstrated that, in the
Southern Ocean, iron often controls the biomass and the biodiversity of primary producers.
To grow, phytoplankton need numerous other trace metals (micronutrients) required for the
activity of key enzymes and other intracellular functions. However, little is known of the
potential these other trace elements have to limit the growth of phytoplankton in the South-
ern Ocean. This study, investigates whether micronutrients other than iron (Zn, Co, Cu, Cd,
Ni) need to be considered as parameters for controlling the phytoplankton growth from the
Australian Subantarctic to the Polar Frontal Zones during the austral summer 2007. Analy-
sis of nutrient disappearance ratios, suggested differential zones in phytoplankton growth
control in the study region with a most intense phytoplankton growth limitation between
49 and 50°S. Comparison of micronutrient disappearance ratios, metal distribution, and
biomarker pigments used to identify dominating phytoplankton groups, demonstrated that
a complex interaction between Fe, Zn, and Co might exist in the study region. Although
iron remains the pivotal micronutrient for phytoplankton growth and community structure,
Zn and Co are also important for the nutrition and the growth of most of the dominating
phytoplankton groups in the Subantarctic Zone region. Understanding of the parameters
controlling phytoplankton is paramount, as it affects the functioning of the Southern Ocean,
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its marine resources and ultimately the global carbon cycle.
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INTRODUCTION northern subtropical waters, and enhanced micronutrient inputs

The circumpolar Subantarctic Zone (SAZ) is an important biome
of the global ocean which separates the High Nutrient Low Chloro-
phyll (HNLC) Southern Ocean from the mostly Low Nutrient Low
Chlorophyll (LNLC) subtropical water from the Indian, Pacific,
and Atlantic Oceans (Bowie et al., 2011a). The SAZ region forms a
“belt” of important carbon sequestration accompanied by a phyto-
plankton biomass characterized by a low seasonality (Banse, 1996;
Metzl et al., 1999; McNeil et al., 2001). However it is still unclear
what parameters mostly constrain phytoplankton growth and how
the dynamics of the SAZ region will be affected in the future.

The recent SAZ-Sense project took advantage of the natural
variability in the SAZ region around Tasmania to study the impact
of predicted future changes that will affect its functioning. This
project focused on parameters likely to control phytoplankton
biomass and carbon fixation, such as macro- (N, P, and Si) and
micronutrients (essential trace metals), grazing and cell lysis pro-
moted by the microbial loop, and as well, carbon export. Project
outputs would help resolve the extent of future SAZ contribu-
tion to atmospheric CO; fixation and climate regulation. The SAZ
region west of Tasmania (W-SAZ) is characteristic of most of the
SAZ region nowadays (Trull et al., 2001), whereas the region east of
Tasmania (E-SAZ), with greater intrusion of macronutrient-poor,

(e.g., iron, Hill et al., 2008; Bowie et al., 2009) mimics future pre-
dicted changes in the SAZ region. The two contrasting regions were
compared to the waters south of Tasmania in the Polar Frontal
Zone (PFZ) as an example of typical HNLC waters that could fuel
the SAZ more significantly in the future (Herraiz Borreguero and
Rintoul, 2011). The scientific rationale behind this study is sum-
marized in Bowie et al. (2011a) and most of the results have been
published in a special issue in Deep-Sea Research II (Table Al in
Appendix).

The difference in phytoplankton communities observed in the
E-SAZ and the W-SAZ cannot be solely explained by consider-
ing macronutrients, light, grazing rates, and temperature (Kidston
etal., 2011; Mongin et al., 2011; Pearce et al., 2011). It is believed
that iron and silicic acid are mostly limiting the growth of phyto-
plankton, and thus, their ability to fix carbon (Bowie et al., 2009,
2011a; Lannuzel et al., 2011). Results from the SAZ-Sense project,
demonstrate that silicic acid was limiting diatoms (de Salas et al.,
2011; Fripiat et al., 2011) and iron was potentially limiting the
growth of entire phytoplankton communities both in the W-SAZ
and the PFZ (Lannuzel et al., 2011). Maximum photosynthetic
quantum yield and results from iron phytoplankton uptake rates
suggest that the W-SAZ was the main iron-limited region at the
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time (Schoemann et al., unpublished). In the E-SAZ, iron was
not limiting (Lannuzel et al., 2011) and diatoms were practi-
cally absent. Analysis of the phytoplankton communities revealed
marked differences among the W-SAZ, PFZ, and E-SAZ, with the
E-SAZ being dominated by nanoplankton (2-20 um) and dinofla-
gellates (de Salas et al., 2011; Pearce et al., 2011). In the E-SAZ,
despite possible light limitation (euphotic depth of 47 m and shal-
low mixed layer depth (MLD) of 16 m, but main mixed layer down
to 79 m; Mongin et al., 2011; Westwood et al., 2011; Table Al
in Appendix), the parameters controlling phytoplankton growth
remain largely unresolved. Interestingly, phytoplankton carbon
fixation and export were comparable or greater in the W-SAZ and
the E-SAZ, despite a 1.4-fold average greater integrated chloro-
phyll a in the E-SAZ (Ebersbach et al., 2011; Jacquet et al., 2011;
Westwood et al., 2011; Table A1 in Appendix), demonstrating that
iron limitation and carbon fixation and export were not directly
related during SAZ-Sense. If the E-SAZ, represents the future of
the SAZ region, then iron limitation is likely to be decreased and
other micronutrients could play a role in capping phytoplank-
ton growth, particularly if they are supplied by pathways differing
from iron. It, thus, becomes urgent to explore the potential of
other micronutrients to co-limit the growth of phytoplankton.
This study investigates the role of other micronutrients Zn,
Co, Cu, which share several properties with iron in limiting the
growth of phytoplankton, or at the least, in mediating community
structure (Morel et al., 1994; Sunda and Huntsman, 1995a,b;

Buitenhuis et al., 2003; Saito and Goepfert, 2008; Saito et al.,
2008). These micronutrients are co-factors of enzymes that cat-
alyze essential reactions for the growth of phytoplankton, and key
structural compounds (Morel and Price, 2003; Morel et al., 2003).
Their possible limitation in marine systems are suggested by sev-
eral laboratory studies (e.g., Morel et al., 1994; Saito et al., 2010)
and phytoplankton have evolved high affinity uptake transport
systems to survive under limited supply (Sunda and Huntsman,
1995b; Saito et al., 2002). These micronutrients are present at low
concentrations in the open ocean (Lohan et al.,2002; Ellwood et al.,
2005; Ellwood, 2008; Saito et al., 2010; Croot et al., 2011; Butler
et al., in revision), they readily associate with organic compounds,
and thus, are mostly complexed by organic ligands (Moffett and
Brand, 1996; Saito and Moftfett, 2001; Ellwood, 2004, 2008; Ellwood
etal.,2005; Lohan et al., 2005), which decrease their bioavailability
to sustain phytoplankton growth. This study also includes other
potentially interesting micronutrients recently reported as essen-
tial in marine phytoplankton (Cd, Ni, e.g., Sunda and Huntsman,
2000; Lane et al., 2005; Dupont et al., 2008, 2010).

Because different phytoplankton species and functional groups
have different biological requirements for growth (Buitenhuis
et al., 2003; Sarthou et al., 2005; Sedwick et al., 2007; Saito and
Goepfert, 2008) leading to differences in intracellular nutrient
quota and drawdown (de Baar et al., 1997; Arrigo et al., 1999;
Ho et al., 2003; Quigg et al., 2003, 2011; Twining et al., 2004a,b;
Finkel et al., 2007, 2010), we investigate the relation between the
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FIGURE 1 | Location of stations (number) as part of the SAZ - Sense
voyage (January-February 2007) superimposed on bathymetry. The
notations to the left of the dashed lines indicate the approximate location of
fronts (following Sokolov and Rintoul, 2002) at the time of this voyage. The
notations to the right define the zones between the fronts. The dashed
arrows, tagged with EAC, indicate the East Australian Current extension
characterized by mesoscale eddy features; the path around the south of
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Tasmania is the Tasman Outflow (Ridgway, 2007). Fronts (red text on left): STF,
Subtropical Front; SAF-N, Subantarctic Front-North; SAF-S, Subantarctic
Front-South; PF-N, Polar Front-North. Zones between fronts (white text on
right): STCZ, Subtropical Convergence Zone; SAZ-N, Subantarctic
Zone—North; SAZ-S, Subantarctic Zone-South; PFZ, Polar Frontal Zone; AZ,
Antarctic Zone. Station 17 was sampled twice (on cast b and j on the 11
February 2007 and 17 February 2007, respectively).
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distributions of dissolved nutrients and phytoplankton biomarker
pigments, which can be used to infer phytoplankton commu-
nity composition by using CHEMTAX at 5 locations during the
SAZ-Sense expedition (e.g., de Salas et al., 2011). In addition, bio-
logical requirement for micronutrients is related to the size-aspect
ratio (Sarthou et al., 2005; Hassler and Schoemann, 2009; Finkel
etal., 2010). Size fractionation of pigments also pointed to differ-
ent dominating phytoplankton groups in the SAZ and the Tasman
Sea (de Salas et al., 2011; Hassler et al., 2011; Pearce et al., 2011).
For these reasons, the link between micronutrients with large and
small phytoplankton biomarker pigments is studied to gain fur-
ther insight into their potential control on phytoplankton biomass,
biodiversity, and contribution to carbon export. As done in pre-
vious studies, the disappearance ratio of nutrients is discussed to
gain an understanding of the underlying processes at play (e.g., de
Baar et al., 1997; Arrigo et al., 1999; Saito et al., 2010; Croot et al.,
2011).

Table 1 | FI-SPE-ICP-MS conditions for determination of trace metals
in seawater (O’Sullivan et al., in preparation).

Typical ICP-MS Conditions

MATERIALS AND METHODS
STUDY REGION
The SAZ-Sense voyage (RV Aurora Australis, 17 January—20 Feb-
ruary 2007) visited contrasting water masses in the SAZ region
around Tasmania (E-SAZ and W-SAZ) as well as further south in
the PFZ, and crossed several fronts as summarized in Figure 1.
The oceanography of the region is highly variable as a result of
spatially heterogeneous inputs from subtropical waters from the
north, and Subantarctic Mode Water and Antarctic Intermediate
Water from the South (Bowie et al., 2011a; Herraiz Borreguero and
Rintoul, 2011); nutrients from dust deposition and the continen-
tal margin (e.g., Bowie et al., 2009) provide a further overlay. The
whole system creates naturally contrasting regions relevant to the
study of controls on phytoplankton dynamics and their associated
carbon fixation, recycling, and export. Oceanography of the region
is summarized and put in a larger context elsewhere (Bowie et al.,
2011b; Herraiz Borreguero and Rintoul, 2011). Critical properties
of selected stations are summarized in Table A1 in Appendix.
The SAZ-Sense project took advantage of the natural variabil-
ity in the SAZ region around Tasmania to study the impact of
predicted changes in major currents (e.g., Antarctic Circumpolar
Current (ACC), East Australian Current (EAC, Hill et al., 2008;
Toggweiler and Russell, 2008) that modulate important parame-
ters for phytoplankton growth, such as the depth of the mixed layer,
and micro- and macronutrient input (Bowie et al., 2009). The SAZ

Zj:ﬁ!fjrggilzaw(;nl%m?) 1:(2)2 region we.st .of Tasmania (W-SAZ) has l.ow ph}.rt(.)plankton biomass
Plasma gas flow (mL/min) 15 characteristic of much of th.e SAZ region as it is nowaday§ (Trull
ICP RF power (W) 1400 et ;11.,.2001 )y w.herea‘s the reglon.Ea}st of Tasmania (E-SAZ) is char-
Skimmer/sample cones Platinum a.cterlzed by hlgh blOInZ.lSS persisting from the spring to summer,
Sweeplreadings : likely due to micronutrient (iron) input from eddy. fields, arising
Readings/replicates 60 from EAC activity and from Austrahan dust (Bowie et al., 2009,
Number of replicates ; 2011 z?; Lannuzel et al., 2011; Mongm etal.,2011).In the futu.re, 'Fhe
Process signal profile Sum EAC s eXPec.ted to strengthen (Hill et dl, 2008) .p0551b1}.7 bringing
Dwell time (ms) 20 more ed.d1es into the ]jZ—SAZ an.d Australian continent will become
No of isotopes analyzed . drier, with more terrlgfzn'ous input from dust storms and bush-
o fires expected to deposit in the South Tasman Sea (Matear et al.,
Integration time (ms) 2400 .
submitted).

Table 2 | Figures of Merit for FI-SPE-ICP-MS analyses.

Detection limit 2 and precision SAFe S SAFe D2 NASS 5
%9Co 0.003 0.006 +£0.002 0.032+0.003 0.188+£0.012

8% (0.005+0.002) (0.045+£0.004) (0.187 £ 0.05)
60N 0.03 2.4740.19 8.84+0.51 4.52+0.31

6% (2.31+0.10) (8.58+0.30) (4.31+0.48)
85Cu 0.05 0.56+0.07 2.26+0.11 4.824+0.25

5% (0.51+0.05) (2.25+0.11) (4.67+0.72)
667n 0.22 <0.22 709+0.49 1.42+£0.08

7% (0.064 £0.019) (720 4+ 0.50) (1.56 £+ 0.60)
Cd 0.005 <0.005 0.84+0.02 0.178+0.015

3% (0.001 £0.0002) (0.986 £0.027) (0.205+0.030)

Average metal concentration (&1 standard deviation) are given for SAFe S 430 and 125 (n= 10), SAFe D2 414 (n=8), and NASS 5 (n= 8) reference samples. Con-
sensus and certified values for these samples are given in bracket (http.//www.es.ucsc.edu/~kbruland/GeotracesSaFe/kwbGeotracesSaFe.html, Consensus values

from November 2011). Concentrations are given in nmol/kg. Note that here no UV-irradiation is done prior to analysis.

2Detection limit calculated on 3 x standard deviation of 0.1% HCI blank (n=8).
b Coefficient of variation of SAFe seawater D2 (n=8).
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WATER SAMPLING

Samples for trace metal analyses and some pigment analyses (Stns
2, 6, 17, Figure 1) were taken using Teflon-coated Niskin X-1010
bottles (General Oceanics, USA) mounted on an autonomous
rosette (Model 1018, General Oceanics, USA) and deployed using
a Kevlar hydroline (Strongrope, AU). Water samples for micronu-
trient analysis were collected and filtered (Pall, Acropack 200) in
a clean van under a HEPA filter (ISO Class 5 conditions). Sample
acquisition and handling was as per GEOTRACES recommenda-
tions!, using acid-washed non-contaminating material as detailed
elsewhere (Bowie et al., 2009; Lannuzel et al., 2011). Samples were
acidified using quartz-distilled HCI (1 mL L1, Seastar Baseline,
Canada) and kept for 6 months doubly bagged in plastic boxes in
clean storage, prior to analysis.

Iwww.geotraces.org/libraries/documents/Intercalibration/Cookbook.pdf

Salinity, temperature, fluorescence, and oxygen were obtained
from calibrated conductivity-temperature-depth (CTD, SeaBird
SBE9plus) data using water collected from Niskin bottles (General
Oceanics) per Rosenberg (2007). Macronutrients (reactive phos-
phorus, POy; silicic acid, Si; nitrate-plus-nitrite, NOy; ammonium,
NH,4) were obtained by the analysis of unfiltered water using
automated flow-injection analyzer and colorimetric techniques
(Watson et al., 2005; Rosenberg, 2007). Samples were also collected
for pigment determination (Stns 4, 9, 12). CTD deployments were
performed close (within 0.1° latitude and longitude and 3.2 h) to
the autonomous rosette to ensure that profiles of trace elements
and other parameters describe the same water column (Bowie
etal.,2011a).

MICRONUTRIENTS
Micronutrients were determined in an ISO class 5 Clean laboratory
using automated flow-injection, solid phase extraction coupled to
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FIGURE 2 | Parameters collected from the reg CTD cast represented
as a function of depth. The section represents the whole voyage track from
Stn 2 to Stn 17, with the W-SAZ (Stn 4) being the second station on the left,
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the PFZ (Stn 6) in the center and the E-SAZ (Stn 17) the last on the right. The
temperature (A), salinity (B) and macronutrients [Si (C); PO,, (D); NO,, (E);
and ammonia, (F)] are shown.
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inductively coupled plasma-mass spectrometry (FI-SPE-ICP-MS;
method and performance described in Butler et al., in revision,
and full details in O’Sullivan et al. in preparation; Table 1). Briefly,
7.0-mL subsamples are decanted into acid-cleaned, 10-mL screw-
cap polypropylene tubes, which are set in the tray of a CETAC
ASX-520 auto sampler. Initiation of the ICP-MS control program
sees the preconcentration/matrix-elimination step proceed on a
PerkinElmer FIAS 400 system, with the sample stream merged
with cleaned 1 M ammonium acetate buffer. The buffered sample
(pH 5.7 £0.2) is then passed through the iminodiacetate (IDA)
chelating sorbent (Toyopearl AF chelate-650M resin, 40-90 pm,
Tosoh Bioscience GmbH, Germany) packed in 1-cm Global FIA
(USA) cartridge mounted in the switching valve position. After
loading, the solid phase is rinsed with buffered Milli-Q (Millipore,
USA) deionized water to flush. With the switching valve moved to
“Inject,” the eluent [0.8 M HNOj3 (Seastar, Canada) +internal stan-
dard 10 ppb Rh] carries the adsorbed trace metals directly into the
nebuliser (concentric quartz Meinhard-type with cyclonic spray
chamber) and then into the quadrupole ICP-MS (PerkinElmer
Elan DRC II, USA). The instrumental conditions for ICP-MS
operation are summarized in Table 1. With each analysis of two
casts (24 samples), calibration standards (standard additions to

seawater sample for matrix matching), blanks and reference sea-
waters (NASS 5, SAFe S, and D2) were run. The instrument was
controlled, and data collected and put through primary processing,
using Elan v3.4 software, with subsequent data processing done
with MS Excel. “Figures of Merit” for this analytical method are
presented in Table 2. Based on accuracy, blank, and performance
in the measurement of reference seawaters (NASS 5, SAFe S, and
D2), this version of the technique can be used for the measurement
of Zn, Co, Cd, Cu, Ni, and Pb in seawater.

Seawater samples were not UV irradiated before analysis. Very
recent work indicates that not all dissolved species of Co, and pos-
sibly Cu, in seawater will be measured under such circumstances,
because some strongly complexed forms of these two metals only
become detectable after photo-oxidative destruction of the organic
ligands (Shelley etal., 2010; Biller and Bruland, 2012). Our method
detects dissolved labile concentrations of metals; those which can
be displaced by the IDA chelating sorbent. For the other metals Cd,
Ni, Zn, and Pb, dissolved labile concentrations are comparable to
total dissolved concentrations in oceanic waters. For our purposes,
dissolved labile concentrations determined directly by the FI-SPE-
ICP-MS method are a useful representation of the bioavailable
fraction.
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FIGURE 3 | Concentration of trace elements as a function of
depth. The section represents the whole voyage track from Stn 2 to
Stn 17, with the W-SAZ (Stn 4) being the second station on the left,
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the PFZ (Stn 6) in the center and the E-SAZ (Stn 17) the last on the
right. The micronutrients Co (A), Cu (B), Zn (C), Ni (D), and Cd (E) are
shown.
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PIGMENT ANALYSIS

Pigment samples were collected in two size fractions, [>10 wm
(L-phyto) and 0.8-10 pm (S-phyto)] using gentle sequential fil-
tration (<5 mmHg) of approximately 1L of seawater through 10
and 0.8-wm polycarbonate filters (Millipore). Filters were then
stored in cryo-vials in liquid nitrogen prior to being analyzed back
on shore. To extract the pigments, the filters were cut into small
pieces and covered with 100% methanol (3 mL) in a 10-mL cen-
trifuge tube. The samples were vortexed for about 30 s and then
sonicated in an ice-water bath for 15 min in the dark. The samples
were then kept in the dark at 4°C for approximately 15h. After
this time, 200 L water was added to the methanol such that the
extract mixture was 90:10 methanol:water (vol:vol) and sonicated
once more in an ice-water bath for 15 min. The extracts were quan-
titatively transferred to a clean a centrifuge tube and centrifuged
to remove the filter paper. The final extract was filtered through
a 0.2-pum membrane filter (Whatman, Anatop) prior to analy-
sis by HPLC using a Waters — Alliance high performance liquid
chromatography system, comprising a 2695XE separations mod-
ule with column heater and refrigerated auto sampler and a 2996
photo-diode array detector. Immediately prior to injection the
sample extract was mixed with a buffer solution (90:10 28 mM
tetrabutyl ammonium acetate, pH 6.5: methanol) within the sam-
ple loop. After injection pigments were separated using a Zorbax

Eclipse XDB-C8 stainless steel 150 mm x 4.6 mm ID column with
3.5 wm particle size (Agilent Technologies) and a binary gradient
system with an elevated column temperature following a modi-
fied version of the van Heukelem and Thomas (2001) method.
The separated pigments were detected at 436 nm and identified
against standard spectra using Waters Empower software. Con-
centrations of chlorophyll a (Chla), chlorophyll b (Chlb), and
B,B-carotene in sample chromatograms were determined from
standards (Sigma), while all other pigment concentrations were
determined from standards (DHI, Denmark).

Pigments which relate specifically to an algal class are termed
marker or diagnostic pigments (Jeffrey and Vesk, 1997; Jeftrey and
Wright, 2006). Some of these diagnostic pigments are found exclu-
sively in one algal class (e.g., alloxanthin in cryptophytes), while
others are the principal pigments of one class, but are also found in
other classes (e.g., fucoxanthin in diatoms and some haptophytes;
19’-butanoyloxyfucoxanthin in chrysophytes and some hapto-
phytes). The presence or absence of these diagnostic pigments can
provide a simple guide to the composition of a microalgal commu-
nity, including identifying classes of small flagellates that cannot
be determined by light microscopy techniques. Given that our
dataset is limited, it was validated by comparison to the extensive
total Chla measurements made by de Salas et al. (2011) and rela-
tive fluorescence recorded from the CTD. To push the comparison
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FIGURE 4 | Ratio of macro- and micro-nutrients dissolved
concentrations as a function of depth. The section represents the
whole voyage track from Stn 2 to Stn 17, with the W-SAZ (Stn 4)
being the second station on the left, the PFZ (Stn 6) in the center

DepthTMandBIO DepthTMandBIO

DepthTMandBIO

(&
[ 20
B0
50
40
100
20
150 - - [
[ 500 1000 1500
Section Distance [km]
D
[ 4
3
50
2
100
1
150 - - [
[ 500 1000 1500
Sectlon Distance [km]
7
60
50
40
%0
20

3

1000
Section Distance [km]

1500

and the E-SAZ (Stn 17) the last on the right. NO,/PO, [N/P (A)],
dZn/dCd [Zn/Cd (B)], dZn/dCo [Zn/Co (C)], dFe/dZn [Fe/Zn (D)], and
dFe/dCo [Fe/Co (E)] are shown. Data for Fe are from Lannuzel et al.
(2011).
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further, the CHEMTAX matrix used in de Salas et al. (2011) was
applied to our data from stations 2, 6, and 17 to represent domi-
nating large and small phytoplankton groups in the W-SAZ, PFZ,
and E-SAZ, respectively.

DATA ANALYSES AND PLOTS

Sections of the voyage track (Figure 1) were plotted using Ocean
Data View (version 4.5; Schlitzer, 2012). Since our goal is to com-
pare micronutrients’ distribution with phytoplankton biomass,
size class, and functional groups, data above 125 m depth are pre-
sented. Full depth profiles and oceanography of trace elements
have been discussed elsewhere (Lannuzel et al., 2011; Butler et al.,
in revision). The disappearance ratio between micronutrients with
macronutrients (e.g.,dCo/dPQOy, Arrigo etal., 1999, also referred to
the dissolved ecological stoichiometric ratio, Saito et al., 2010) was

used as a proxy for phytoplankton uptake and growth rate (Arrigo
et al., 1999; Cullen et al., 2003; Finkel et al., 2010; Croot et al.,
2011). To identify the potential of each micronutrient to limit the
growth of phytoplankton, the disappearance ratio is compared to
phytoplankton cellular quotas, reflecting their biological require-
ment for growth, and dissolved macronutrient (e.g., NOy/POy4)
and micronutrient (e.g., dZn/dCd) spot ratios, reflecting max-
imal micronutrient stock available for phytoplankton growth.
It is to be noted that chemical speciation is not considered in
this study. The labile dissolved metal considered likely overesti-
mates the fraction that is bioavailable to support phytoplankton
growth.

The statistical relations between micro- and macronutrient
with temperature, salinity, chlorophyll 4, and biomarker pigments
were analyzed using the Excel package XLSTAT. Depths of the

Table 3 | Summary of dissolved disappearance ratios and biological requirement for phytoplankton growth for Cd, Zn, Co, Ni, and Cu.

Micronutrient (M)

dM/PO, r2 Depth (m)

Location

DISSOLVED DISAPPEARANCE RATIO (dM/PO4, jumol mol—")

Cd 323 0.88 15-100 Southern Ocean (SAZ and PFZ, >0.6 uM PQy4)2
461 0.94 30-100 Southern Ocean (SAZ and PFZ, >0.6 uM PO4)P
608 0.89 0-125 Southern Ocean (Ross Sea)®
450 0.87 20-150 Subarctic Pacific (<1.2 uM POg4)d-e
n 1637 0.61 15-100 Southern Ocean (SAZ and PFZ, >0.6 uM PQy4)2
NA 0.001 30-100 Southern Ocean (SAZ and PFZ)°
484 0.79 0-125 Southern Ocean (Ross Sea)®
4857 0.73 >500 Southern Ocean (Drake passage and Zero meridian)’
~2000-7000 0-400
251-370 0.70-0.99 8-150 Subarctic Pacific (<1.2 wM PQy4)d-9
797 0.99 30-300 Southern Ocean (Drake Passage)?:"
Co 17 0.79 15-100 Southern Ocean (SAZ and PFZ)?
25 0.62 30-100 Southern Ocean (SAZ and PFZ)°
19 0.54 0-125 Southern Ocean (Ross Sea)®
35-40 0.98-0.99 8-150 Subarctic Pacific®9
38 0.87 5-500 Southern Ocean (Ross Sea)"
Ni 1881 0.84 15-100 Southern Ocean (SAZ and PFZ)?
1903 0.72 30-100 Southern Ocean (SAZ and PFZ)P
1181 0.61 0-125 Southern Ocean (Ross Sea)®
Cu 441 0.73 15-100 Southern Ocean (SAZ and PFZ)?
598 0.80 30-100 Southern Ocean (SAZ and PFZ)°
846 0.72 0-125 Southern Ocean (Ross Sea)®
430-450 0.96-0.99 0-985 North Pacificd4k
680 0.92 30-300 Southern Ocean (Drake Passage)k
Strain Zn/P*9 Co/P**9 Cu/Pk

BIOLOGICAL REQUIREMENT FOR PHYTOPLANKTON GROWTH (CELLULAR M/P, xmol mol~1)

E. huxleyi 1272 (0.7 wmax) 264 (0.9 max) 35 (0.9 max, low Cu)
758 (0.9 max, high Cu)

T oceanica 63 (0.9 wmax) 1314 (0.7 max) 216 (0.9 max)

T pseudonana 232 (0.6pmax) 1675 (0.5wmax) NA

Synechococcus sp ND 8.5 (0.6max) NA

This study; ®Ellwood (2008); °Fitzwater et al. (2000); Martin et al. (1989); ¢ Sunda and Huntsman (2000); fCroot et al. (2011); ¢Sunda and Huntsman (1995a); " Martin
et al. (1990), 'Saito et al. (2010); 'Bruland (1980); ¥Sunda and Huntsman (1995b).
* No Co added, ** No Zn added. ND = not detected, NA= not applicable.
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mixed layer and the euphotic zone (Westwood et al., 2011) were
used to define the depths considered in statistical tests and compar-
ison (0—100 m for stations 9, 0—75 m for other stations; Table A1l
in Appendix). This results in dataset of 32 observations for which
measurements of physical parameters, micro- and macronutri-
ents, as well as biological parameters, were considered. Correlation
tests were done using Pearson’s coefficient with a 95% interval of
confidence to highlight the occurrence of significant positive or

negative linear relationship between two parameters. The most
significant relationships are graphically presented. Canonical Cor-
respondence Analysis (CCA) was done to extract the pattern and
illustrate the relation existing between the different parameters and
observations. CCA was applied to represent the correspondence
between (i) biological and physical parameters with the chemistry
of the sites, and (ii) small and large phytoplankton communities

and micronutrients.
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FIGURE 5 | Relationship between micronutrient and phosphate with their coefficient of correlation and slope. Stations are represented by
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(D), Cu (E), Fe (F), and NO, (G). Significant linear relationships are shown (Ellwood, 2008). Data for dissolved iron are from Lannuzel et al. (2011).
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RESULTS

WATER MASSES

A snapshot of the hydrology along the relevant portion of the SAZ-
Sense voyage track is shown in Figure 2. Temperature and salin-
ity (Figures 2A,B, respectively) broadly characterize the regional
water masses (see also Bowie et al., 2011b, with front definitions
after Sokolov and Rintoul, 2002). The bulk was SAZ with salinity
and temperature in the respective ranges, 34.2-34.8 and 2-12°C.
The northernmost stations, west and east, were very close to the
Subtropical Front (STF) with salinities at 34.9 (and temperature at
150 falling from 12 to 10°C across the STF, data not shown). The
Polar Front is classically delineated by the subsurface Tin <2°C,
that occurs deeper than the section shown. A less precise indi-
cator is surface salinity falling below 34 for the southernmost
station (Figure 2B). The oceanography of the region during the
SAZ-Sense expedition is fully described in Bowie et al. (2011b).

MACRONUTRIENTS

Sections of Si, PO4, NOy, and NHy are depicted in Figures 2C-F,
respectively. PO4 and NOy showed very similar progressions along
the voyage track. In northern SAZ surface waters, POy was drawn

down to <0.5uM and NOy to <5 M. Beyond the SAF-S front,
concentrations began to ramp up, with surface waters ~1.5 uM
POy4 and ~20 uM NOy. The nutricline typically varied between
60 and 80 m throughout the study region. Si was strongly depleted
to a few micromolar concentrations in the upper 60 m for all sta-
tions (Figure 2C). Only beneath the nutricline, and poleward of
SAF-S into PFZ waters, did Si begin to increase in concentration.
NH, ranged from undetectable (<0.01 puM) to <0.4 uM in sur-
face waters (Figure 2F). It has distinct subsurface maxima at the
nutricline and deeper (to 120 m) at all stations, but they are more
pronounced (>1 uM) on the western side of the voyage track than
the east. Beyond 200 m (data not shown), NHy declined rapidly to
background levels (<0.01 wM). NHy is a useful indicator of rem-
ineralization of organic matter. Data demonstrated a significant
remineralization just below the MLD in the W-SAZ and in the
PFZ but not in the E-SAZ (Figure 2; Table Al in Appendix).

MICRONUTRIENTS

Dissolved labile concentrations of micronutrient metals along the
voyage track are shown in Figure 3. Complete records have been
plotted for Cd, Co, Cu, and Ni, but stations before Stn 6 were
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FIGURE 6 | Distribution of phytoplankton biomass as a function
of depth. The section represents the whole voyage track from Stn 2
to Stn 17, with the W-SAZ (Stn 4) being the second station on the
left, the PFZ (Stn 6) in the center and the E-SAZ (Stn 17) the last on
the right. The fluorescence from the CTD [CTDFLUORO (A)], the
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total chlorophyll a (Chla) measured by the team of Simon Wright [de
Salas et al., 2011 (B)], the total Chla data used in this study (C) are
shown. In addition, the relative size distribution between large
[phyto, >10um (D)] and small phytoplankton [S-phyto, 0.8-10 wm,
(E)] are shown.

www.frontiersin.org

July 2012 | Volume 3 | Article 202 | 62


http://www.frontiersin.org
http://www.frontiersin.org/Microbiological_Chemistry/archive

Hassler et al.

Micronutrient nutrition in the SAZ

assessed as contaminated for Zn. The contaminated results were
identified by irregularities in the depth profiles and recurrent
outliers in property-property plots (i.e., metal vs. hydrological
properties, metal vs. macronutrient (e.g., Si), and metal vs. metal).
The distributions of these micronutrients in the SAZ-Sense study
region is fully described in Butler et al., in revision. Cd, Cu, and
Ni were closely related to PO, (Figure 2D and below), but the
extent of their biological depletion was quite different. Relative
to a reference depth of 150-200 m (see Bowie et al., 2011b), the
depletion of Cd was 6 to >96%, that of Cu 11-35%, and Ni 7—
20%. For each, the surface water depletion declined poleward. Co
was also strongly depleted (31-70%). Zn was more comparable to
the macronutrient Si in being depleted in most surface waters. Its
depletion often extended well into the water column (>200m),
so a reference depth of 150-200 m was not suitable for evaluating
degree of depletion.

NUTRIENTS SPOT AND DISAPPEARANCE RATIO

Considering data from all depths, the macronutrient ratios
between NOy and POy for the study region were close to an opti-
mal value of 16 [14.6 £ 0.07 (standard error), r* = 0.98, 1 > 750,
Figure 5G; Redfield et al., 1963]. However, a kink was observed

for [PO4] < 0.5uM (Figure 5G), suggesting that less NOy was
relatively consumed in surface water of the W-SAZ and E-SAZ.
The dissolved NOx/POy spot ratios are suboptimal in the W-SAZ
(at depth) and the E-SAZ regions (Figure 4A). Considering data
from 0 to 100 m depth only (Figure A1G in Appendix), a close
to optimal disappearance ratio was observed (slope 18.0 £+ 0.18,
% =0.98) for phosphate concentrations between 0.5 and 1.6 jLM.
For [PO4] > 1.6 WM, representing waters from the PFZ (Stn6), a
significantly lower N/P disappearance ratio was observed (slope
7.00 £ 0.40, r> = 0.85). Because Fe, Zn, and Co could limit or co-
limit the growth of oceanic phytoplankton (e.g., Martin et al.,
1990; Morel et al., 1994; Coale et al., 2003), and Zn, Co, Cd
are interchangeable enzymatic co-factors that can all support the
growth of some marine phytoplankton (Price and Morel, 1990;
Sunda and Huntsman, 1995b; Timmermans et al., 2001), the ratios
between these micronutrients were investigated (Figures 4B-E;
Table A2 in Appendix). Dissolved zinc was present in excess com-
pared to Co (dZn/dCo > 1, Figure 4B) with greatest ratios in
the PFZ (Stn 6) and lowest ratios in the surface of the E-SAZ
(Stn 17). The ratio dZn/dCd was close to unity in the PFZ and
greater at Stn 12 just south of the E-SAZ. The ratios dFe/dZn and
dFe/dCo (Figures 4D,E) were lower at the PFZ and greater in the
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FIGURE 7 | Distribution of large phytoplankton (L, >10 um)
biomarker pigments as a function of depth. The section
represents the whole voyage track from Stn 2 to Stn 17, with the
W-SAZ (Stn 4) being the second station on the left, the PFZ (Stn 6)
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in the center and the E-SAZ (Stn 17) the last on the right.
Fucoxanthin [Fuco (A)], 19-But-fucoxanthin [But-Fuco (B)], 19
Hex-fucoxanthin [Hex-Fuco (C)], Chlorophyll b [ChIb (D)], and Total
Chlorophyll a [Chla (E)] are shown.
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surface waters of the E-SAZ. For all micronutrients, except Fe, a
disappearance ratio could be calculated from the linear regres-
sion between dissolved micronutrient and PO, concentrations
(Table 3; Figure 5; Figure Al in Appendix). A kink was observed
atlow POy concentrations (<0.5-0.6 uM PQO,) for Cd and Zn and
below 2 uM POy for Cu. Ni is the only micronutrient for which
no kink was observed. For Zn, data suggested two kinks separated
by a plateau between 1.5 and 2 uM POy, however, the coefficient
of correlation considering all data between 0 and 2 uM PO4 was
only slightly lower (r?> =0.47, slope 1764 jLmol Zn mol~! POy,
Figure 5B). For Co, Zn, and Cu inter-station differences were
observed (Figure 5). For Co, Stns 6, and 9 were on the plateau
(Figure 5A) and the slope dCo/PO4 was the greatest for Stns 5 and
10 (slope of 66-77 pmolmol™!) as compared to the other sta-
tions (32—49). For Zn, no correlation (r2 < 0.5) was observed for
Stns 12 and 17, and greater dZn/POy slopes (9-11 pmol mol™1)
were observed at Stns 9 and 10, suggesting greater Zn biologi-
cal uptake at these stations. Correlations between Cu and POy

dissolved concentrations (% > 0.5) were only observed at Stns 4
(r? =0.94, slope = 0.65), 5 (r? = 0.78, slope = 0.26 mmol mol 1),
12 (r? =0.83, slope = 0.24 mmol mol~!), and 17 (r* =0.94 and
0.90, slope = 0.19 and 0.28 mmol mol~!). When considering only
the data from the top 100 m for all stations, the relation between
micronutrients and POy was slightly altered (Table 3; Figure Al,
Table A2 in Appendix). In this case, the disappearance ratios
followed the order Ni~ Zn > Cu~ Cd > Co. The disappearance
ratio for Zn was 5.1 and 96 times greater than for Cd and Co,
respectively, suggesting greater biological utilization of Zn as com-
pared to Cd and Co. Similar ratios were obtained using NOx,
whereas the significance of the correlation was much lower using
Si (see Figure Al in Appendix). Considering the disappearance
ratios calculated in surface water (0-100 m) and at depth (125-
1000 m) for each station (Table Al in Appendix), revealed inter-
esting trends. For all metals, except Co, the surface disappearance
ratio in surface waters was equal or lower that the ratio calculated
at depth. In addition, a loss of significant correlation between
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FIGURE 8 | Distribution of small phytoplankton (S, 0.8-10 um)
biomarker pigments as a function of depth. The section represents
the whole voyage track from Stn 2 to Stn 17, with the W-SAZ (Stn 4)
being the second station on the left, the PFZ (Stn 6) in the center and
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the E-SAZ (Stn 17) the last on the right. Fucoxanthin [Fuco (A)],
19-But-fucoxanthin [But-Fuco (B)], 19 Hex-fucoxanthin [Hex-Fuco (C)],
Zeaxanthin [Zea (D)1, Chlorophyll b [Chib (E)], and Total Chlorophyll a
[Chla (F)] are shown.
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dissolved metal and phosphate was observed in the PFZ. Gen-
erally, a region between 49 and 50°S with greater disappearance
ratios separated the surface waters between the SAZ and the PFZ
(Table A1 in Appendix).

CHLOROPHYLL AND BIOMARKER PIGMENTS

Our dataset for total Chla (Figure 6C) showed good correlation
with the more extensive dataset from the fluorometer (CTD data,
Figure 6A) and previous pigment analysis (de Salas et al., 2011,
Figure 6B). The maximum Chla concentration was observed in
the surface of the E-SAZ (Stn 17) and the W-SAZ (Stn 4) and
at depth in the PFZ (Stn 12). Total Chla data from de Salas
et al. (2011) were greater than our data, likely reflecting different
extraction procedures and our sequential filtration step. Sequential
filtration removes larger phytoplankton, decreasing clogging of the
filter, and avoiding an overestimation of pigments’ concentration.

In the study region, contrasting distribution of phytoplank-
ton from different size classes was observed (Figures 6D,E). Small
phytoplankton (0.8-10 wm, S-phyto) dominated at all stations,
except in surface water of the W-SAZ (stn 4). In the north-
ern W-SAZ waters (Stn 2) and south of the E-SAZ (Stn 12),
S-phyto represented >80% of the total Chla. Large phytoplankton
(>10 wm, L-phyto) represented a significant fraction (25-40%) of
total Chla only in the PFZ, Stn 9, and in the E-SAZ.

Using the distribution of the relative biomarker pigment con-
centrations (normalized against Chla), dominating phytoplank-
ton groups can be identified (Jeffrey and Wright, 2006). Maximum
Chla associated with larger phytoplankton correlated with total
Chla distribution (Figures 6 and 7). Large phytoplankton, present
at the depth of Chla maximum were mainly diatoms in the W-
SAZ and PFZ (as indicated by a clear dominance of fucoxanthin)
and were mainly haptophytes in the E-SAZ (dominance of 19-
hexanoyloxyfucoxanthin, Figure 7). In the PFZ and E-SAZ, the
Chla associated with small phytoplankton correlated with total
Chla maximum (Figures 6 and 8). In the W-SAZ, most of the
S-phyto were present at 50 m, below the total Chla maximum
(Figure 8). Haptophytes and diatoms were mainly present in the
subantarctic water west of Tasmania (Stn 2). In the W-SAZ (Stn
4), haptophytes, and green algae (Chlb) dominated in surface
water; some cyanobacteria (zeaxanthin and Chlb) and diatoms
were also present at 50 m. At the depth of total Chla maximum,
small diatoms, and haptophytes dominated in the PFZ, whereas
cyanobacteria and diatoms dominated in the E-SAZ. Peridinin
was only significantly present in the E-SAZ (data not shown),
representing 24 and 8% of large and small phytoplankton Chla,
respectively. Prasinoxanthin was only present at marginal levels
(1% of Chla) at Stns 12 and 17 (data not shown).

The use of CHEMTAX revealed that, except for prasinophytes,
representing up to 35% of the large and small phytoplankton
in the W-SAZ, the composition of the phytoplankton commu-
nity calculated by CHEMTAX was similar in the W-SAZ and
the PFZ (Figures 9A,B). In these two zones, large phytoplankton
were dominated by diatoms, whereas small phytoplankton were
dominated by haptophytes. Dinoflagellates were present in both
phytoplankton size fractions, representing 10-30% of the phyto-
plankton community. In the E-SAZ, the composition of the phyto-
plankton community inferred by CHEMTAX was more complex
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FIGURE 9 | Estimation of the phytoplankton community using
CHEMTAX per de Salas et al. (2011). The major groups composing the
small (S, 0.8-10 um) and large (L, >10 um) phytoplankton communities are
represented in percent (stacked bars) at different depths for stations in the
E-SAZ [Stn 4 (A)], PFZ [Stn 6 (B)], and W-SAZ [Stn 17 (C).

(Figure 9C). In the phytoplankton bloom (top 40 m, Figure 6),
diatoms are only marginal (10%, Figure 9C), likely due to Si deple-
tion. Large phytoplankton are mainly composed of dinoflagellates
and haptophytes (40% each), whereas small phytoplankton mainly
contained dinoflagellates (37%), and cyanobacteria (30%), with
some haptophytes (18%) and prasinophytes (14%).

STATISTICAL CORRELATIONS OF NUTRIENTS WITH PHYSICAL AND
BIOLOGICAL PARAMETERS

Canonical correspondence analysis representation of micronu-
trients according to temperature, salinity, small, and large phy-
toplankton Chla (Figure 10A, 0-100m), demonstrated four
micronutrient “clusters”, with Fe being closer to physical para-
meters and Cd closer to Chla. The other micronutrients were
intermediately located with Cu, Co, and Ni closer to physical para-
meters and Zn closer to Chla. These data were also supported by
the Pearson’s correlation tests (Table Al in Appendix). Indeed,
Fe was the only micronutrient to significantly positively correlate
with temperature and salinity but not significantly with NOy and
POy. No significant correlation between micronutrients and sili-
cic acid were obtained. Co, Cu, Ni, Cd, and Zn were significantly
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FIGURE 10 | Symmetric CCA map between micronutrients defined as
objects (square) and physical and biological variables (red dots). (A)
considers micronutrients with the physical variables temperature (TMP) or
salinity (SAL) and the variable chlorophyll (Chl a) from the large (L, >10 uM)
or small (S, 0.8-10 M) phytoplankton community. Relations between
micronutrients with the biomarker pigments associated with the large (L)
and small (S) phytoplankton community are represented in (B) and (C),
respectively. Micronutrients are cobalt (Co); nickel (Ni); copper (Cu); zinc
(Zn); cadmium (Cd); iron (Fe). Biomarker pigments are Chlorophyll (C);
Peridin (P); 19-But-Fucoxanthin (BF); Fucoxanthin (F); 19-Hex-fucoxanthin
(HF); Prasinoxanthin (Pr); zeaxanthin (Zea). Data for Fe are from Lannuzel
etal. (2011).

positively inter-correlated and all negatively correlated with Fe.
Fe was also significantly negatively correlated to ratio dZn/dCo
(Table A1 in Appendix).

No statistically significant Pearson’s coefficient of correlation
was observed between micronutrients and Chla throughout the
study region (total, large, and small phytoplankton, Table Al
in Appendix). However, the degree of significance of positive
correlation followed the order Cd > Zn > Ni, Cu, Co, with Ni and
Cu more related to small phytoplankton Chla. Fe was only weakly

correlated (—0.1) to Chla. These correlations are represented for
Cd, Zn, Co, and Fe in Figure 11. Data from the depths of Chla
maximum (labeled as “*” in Figures 11A-F) significantly deviated
from dCd/Chla and dZn/Chla relations. Exclusion of these points,
resulted in a significant correlation between dissolved Cd and Zn
with total, small, and large Chla concentrations. No correlation
was observed between Co, Fe, and Chla (Figures 11G-L).

Canonical correspondence analysis representations of micronu-
trients with large (L- Figure 10B) and small (S- Figure 10C)
phytoplankton biomarker pigments confirmed that Fe was poorly
related to phytoplankton. Fe was closest to L-peridinin and S-
zeazanthin, the only two pigments for which a significant positive
correlation was obtained (Table A1 in Appendix), suggesting that
Fe could affect the dynamics of dinoflagellates and cyanobacte-
ria in the E-SAZ. Cd was the micronutrient that was the most
closely related to all biomarker pigments (Figures 10B,C), whereas
Cu and Ni formed a cluster closely related to L-peridinin, L-
hex-fucoxanthin, and S-zeazanthin, S-prasioxanthin, S-Chlb, and
S-peridinin. Co and Zn were differentiated by Co being closer to L-
peridinin and L-Chlb, S-fucoxanthin, S-but-fucoxanthin, S-Chlb
and S-zeazanthin, and Zn being closer to L-Chlb and S-peridinin,
S-prasinoxanthin and S-Chlb. The ratio dZn/dCo was more asso-
ciated with biomarker pigments from large rather than small
phytoplankton. Co, Ni, Cu, and Cd were statistically positively
correlated with L-but-fucoxanthin, L-fucoxanthin, and negatively
correlated to S-Chlb. Co was also significantly negatively corre-
lated to S-zeaxanthin. Zn is only significantly positively corre-
lated with Shex-fucoxanthin and dZn/dCo to L-hex-fucoxanthin
(Table A1l in Appendix). Pearson’s correlation tests also showed
significant positive correlations between NOy and PO4 with L-but-
fucoxanthin and L-fucoxanthin, between Si and S-fucoxanthin,
and between nitrite (NO;) and S-hex-fucoxanthin (Table Al in
Appendix).

DISCUSSION
Previous studies from the SAZ-Sense project have demonstrated
that the E-SAZ, despite greater Chla was less productive than the
W-SAZ at the time of observation (Cavagna et al., 2011; West-
wood etal.,2011; Table A1 in Appendix). Biomarker pigments and
CHEMTAX analysis showed a contrasted phytoplankton commu-
nity in the study region. Distribution of phytoplankton size classes
and dominant groups accorded with microscopic observations,
pigment size class, and CHEMTAX calculations done during the
SAZ-Sense voyage (de Salas et al., 2011; Pearce et al., 2011). There
is, therefore, a clear difference between these two SAZ regions.
Our distribution of micronutrients agreed with previous stud-
ies in the region (Ellwood, 2008; Lai et al., 2008). Similar hydrology
for these studies, despite the difference in season and location
(winter and eastwards of the SAZ-Sense study for Ellwood, 2008),
allow a comparison of the distribution of micronutrients. Simi-
lar Cd, Cu, and Ni distribution in the SAZ, closely related to POy
(see Figure 5), suggested that this distribution of micronutrients,
is the result of long term processes (seasonal and longer — see
also Butler et al., in revision). Co, too, was closely related to POy
in the top 150-200m and with a distribution that tracks with
timescales of seasonal or longer. Deeper in the SAZ water column,
Co is known to display scavenged characteristics, and is strongly
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FIGURE 11 | Relation between dissolved micronutrients and
chlorophyll a associated with the total [Chla, (A), (D), (G), (J)], large
[LChla, >10 um, (B), (E), (H), (K)], and small [SChla, 0.8-10 um, (C), (F),
(1), (L)] phytoplankton communities. Relationships are shown for Zn
(A-C), Cd (D-F), Co (G-I) and Fe (J-L) and coefficient of correlation are
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given when significant relationships were found (Zn and Cd only). Each
station has been represented using a different symbol and the station
labeled with “ *” correspond to depth with a maximum of Chla and were
removed to obtain a significant correlation for Cd and Zn. Fe data are from
Lannuzel et al. (2011).
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influenced by concentrating processes in the Antarctic Zone (seen
to some degree here at Stns 6, 9, and 10) and intermediate water
formation (Butler et al., submitted). By comparison, the dissolved
iron distribution resulted from short term processes, involving a
rapid recycling, episodic dust input, and intrusion of oligotrophic
subtropical water into the SAZ region, generating a patchy dis-
tribution of dissolved iron (Bowie et al., 2009, 2011a,b; Lannuzel
et al., 2011; Mongin et al., 2011). Butler et al. (in revision) have
also proposed that distribution of Zn in SAZ-E waters was modu-
lated by short term processes at the time of the SAZ-Sense voyage,
although it was quite unlike that of Fe, which is supported by
their lack of correlation reported here. The patchiness of Fe and
Zn at SAZ-E results from region being dominated by the East Aus-
tralian Current eddy field, the different supply mechanisms for the
two pivotal metals, and the ensuing sub-mesoscale irregularities
in phytoplankton productivity

Determination of the control by the full suite of micronutrients
(Fe, Zn, and other transition metals) on phytoplankton biomass
and community structure is, thus, first step to elucidate how
primary productivity and the balance between carbon export and
recycling are controlled. However, the identification of the nutri-
tive status (e.g., limited, co-limited, replete) of in situ phytoplank-
ton communities is a major challenge. Statistical analyses of the
relationship between micronutrients and phytoplankton, revealed
complex heterogeneous relationships in which all micronutrients
(Fe, Zn, Cd, Co, Cu, and Ni) are important for specific phytoplank-
ton groups. All the micronutrients studied were depleted in surface
waters and presented good correlations with dissolved POy (except
Fe), demonstrating their nutritive role in phytoplankton growth.
The role of micro-nutrients in shaping the phytoplankton com-
munity can be further explored by comparing their disappearance
ratios in reference to POy with the dissolved metal spot ratios, with
previously reported phytoplankton cellular quotas and biological
requirements (e.g., Sunda and Huntsman, 1995a,b; Ho et al., 2003;
Finkel et al., 2007; Saito et al., 2010; Croot et al., 2011).

In surface water, a greater disappearance ratio is often asso-
ciated with a greater relative biological uptake but could also be
related to differential recycling and remineralization. Several stud-
ies have reported a “kink” in the disappearance ratio for Cd which,
despite a poor understanding of the mechanisms at play, can be
related to a decreased phytoplankton growth rate or “biodilution
effect” (Sunda and Huntsman, 2000; Cullen et al., 2003). It is, thus,
not surprising that, in the CCA, Cd was the closest to total Chla
and to most of the biomarker pigments. Cadmium was the most
depleted micronutrient in surface waters (from comparison with
concentrations at 150-200 m depth — see Bowie et al., 2011b) and
it also showed significant correlation with several biomarker pig-
ments. The disappearance ratio for Cd observed here was slightly
lower than for the Ross Sea and the subarctic Pacific (Table 3).

In this study, kinks in disappearance ratios were observed for
NOy, Zn, and Cd. The kinks observed for NOy and Cd correspond
to the surface water (25-50 m) of the W- and E-SAZ (Stns 2,4, and
17) but the kink observed for Zn extends deeper at these stations
and further south to Stns 5 and 12, suggesting a complex control on
phytoplankton growth rate in the region. This is emphasized by the
fact that inter-station disappearance ratio is variable and follows a
general pattern, where disappearance ratios are increasing south-
wards with aloss of correlation in the PFZ. Such loss of correlation

could be due to nutrients supply from Upper Circumpolar Deep
Water sufficient to swamp the imprint of biological uptake. On the
other hand, the disappearance ratio for NOy is lower in the PFZ.
In the Southern Ocean, such a poleward increase in disappearance
ratio was recently reported for Zn (Croot et al., 2011), whereas a
lower dNO/PO, was reported in the PFZ and southwards (Lev-
itus et al., 1993; de Baar et al., 1997). These observations were
attributed to variation in phytoplankton growth rate and specific
phytoplankton uptake ratio (de Baar et al., 1997; Arrigo et al,
1999; Croot et al., 2011). Parameters usually discussed as a con-
trol in phytoplankton growth rate with impact on disappearance
ratios in the region are (i) iron limitation (e.g., Martin et al., 1990;
de Baar et al., 1997; Cullen et al., 2003; Twining et al., 2004a,b;
Croot et al., 2011), (ii) combined effect of micronutrients (Sunda
and Huntsman, 2000; Twining et al., 2004b; Cullen and Sherrell,
2005), and (iii) community structure (e.g., Sunda and Huntsman,
1995b, 2000; de Baar et al., 1997; Arrigo et al., 1999; Ho et al., 2003;
Quigg et al., 2003; Twining et al., 2004a,b; Finkel et al., 2010). It is
to be noted that the dependency of disappearance ratios on growth
rate and iron addition is not an invariant attribute; it can differ
between phytoplankton groups and micronutrients (e.g., Twining
et al., 2004b; Finkel et al., 2007). Finally, the effects of light and
temperature have also to be considered (Finkel et al., 2007, 2010;
Croot et al., 2011).

Comparison of the distribution of the Chla (Figure 6) with
the depths of the euphotic zone and the mixed layer (Table Al in
Appendix) allows discussion of the impact of light limitation. In
both the W-SAZ and PFZ, most of the Chla is found at the bottom
of the euphotic layer, just below the MLD. This clearly illustrates a
trade-off between light and nutrient limitation at these sites. In the
E-SAZ, light might constrain the bloom in surface waters (Mon-
gin et al., 2011; Westwood et al., 2011; Table Al in Appendix), but
phytoplankton found in the top 16 m are not light limited. Tem-
perature is known to exert a control in the growth of cyanobacteria
(Li, 1998) and can, thus, curtail their extension southwards. How-
ever, temperature cannot account for the absence of cyanobacteria
in the W-SAZ. In addition, as previously noted, it is likely that phy-
toplankton present at these high latitudes are well adapted to low
temperatures (e.g., Croot et al., 2002). Therefore, it is not expected
that temperature acts as a fundamental control of phytoplankton
growth here.

During SAZ-Sense, Fe, and Si limitation were postulated in
the W-SAZ and the PFZ using microscopic observations (Pearce
et al., 2011), diatom silification rate (Fripiat et al., 2011), Si*,
and Fe* concentrations (Lannuzel et al., 2011), incubation and
Fv/Fm (Schoemann et al., unpublished). Interestingly, except for
prasinophytes, the composition of the phytoplankton commu-
nity was similar at these two locations. The lower disappearance
ratio for NOy in the PFZ could be related to diatoms, such as
Fragilariopsis kerguelensis, present at Stn 9 (de Salas et al., 2011),
and iron limitation (de Baar et al., 1997). By comparison, in the
E-SAZ, where a less productive but more complex and diverse
phytoplankton community prevailed (this study, de Salas et al,,
2011), no iron limitation was observed. In the surface waters of
the E-SAZ, the decreased dZn/dCo and dZn/dCd likely reflected
biological uptake, whereas the increased dFe/dCo and dFe/dZn
likely reflected the iron aerosol input (Bowie et al., 2009; Mon-
gin et al., 2011). The dissolved Fe/POy ratio also indicated iron
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enrichment in the surface waters of the W-SAZ and E-SAZ. Based
on the iron biological requirement for phytoplankton growth (i.e.,
half saturation constant), the dissolved iron concentrations mea-
sured in surface water were indeed enough to sustain the growth
of most diatoms (Coale et al., 2003; Sarthou et al., 2005), and
the haptophyte genus, Phaeocystis (Coale et al., 2003; Sedwick
et al., 2007). However, diatoms were a marginal phytoplankton
group, and nanoflagellates and dinoflagellates were the most dom-
inant groups in the E-SAZ at the time of study (this study; de
Salas et al., 2011; Pearce et al., 2011). Dinoflagellates were previ-
ously reported as dominating the phytoplankton community in
the SAZ region south of Australia during austral spring and sum-
mer (Kopczynska et al., 2001, 2007). Studies of elemental ratios
in phytoplankton have demonstrated that optimal iron content,
follows the order cyanobacteria > haptophytes > dinoflagellates >
diatoms (Ho et al.,, 2003; Twining et al., 2004b; Finkel et al,,
2010) and that iron enrichment favors the growth of diatoms,
but also autotrophic and heterotrophic flagellates (e.g., Twining
et al., 2004a). In this case, additional iron sources in the E-SAZ
might have relieved iron limitation and favored the growth of fla-
gellates and cyanobacteria. Indeed, dissolved iron concentrations
were significantly related to L-Peridin (dinoflagellates — type 1) and
S-zeaxanthin (cyanobacteria), both biomarkers present only in the
E-SAZ. In this case, phytoplankton in the E-SAZ were not iron-
limited at the time of sampling; however, iron had an important
effect of the phytoplankton community structure in this region.

The extended Redfield ratio based on micronutrient cellular
quota from phytoplankton cultures of P1Fe75Zng 80Cu.33C00.19
Cdp21 (Ho et al., 2003), suggests that the biological requirement
for growth is usually smaller for other micronutrients than for
iron. However, a significantly different extended Redfield ratio of
P;Zns 4Fe; gNige; was calculated from a field study during the
Southern Ocean Iron Experiment (SOFeX, Twining et al., 2004b),
suggesting that Zn biological requirement exceeds the require-
ment for iron. These differences could be related to different water
chemistry, light and phytoplankton species as all of these parame-
ters affect cellular quotas (Finkel et al., 2010). In the study region,
the concentrations of micronutrients are lower than iron, espe-
cially in the SAZ regions, suggesting that they might play a role in
controlling phytoplankton growth or community structure.

Cd and Co nutrition in phytoplankton is coupled to Zn nutri-
tion, because Zn can interchange with Cd and Co to support key
enzymes, such as the carbonic anhydrase in some (Price and Morel,
1990; Morel et al., 1994; Sunda and Huntsman, 1995a, 2000; Saito
and Goepfert, 2008), but not all phytoplankton species (Timmer-
mans et al., 2001). Laboratory studies suggested that Cd, Co, and
Zn use the same biological transport system, which is regulated
by cellular Zn concentrations for diatoms and coccolithophores
(Sunda and Huntsman, 1995a, 2000). Cobalt is associated with
vitamin By, which is essential to, but not synthesized by eukaryotic
phytoplankton (Saito et al., 2002; Saito and Goepfert, 2008).

The kink observed for dZn/PQy, could be related to the induc-
tion of high affinity transporters which are efficient in maintaining
a nearly constant cellular Zn concentration despite decreasing free
Zn concentrations (Sunda and Huntsman, 1995a). Zn was the
only micronutrient for which significant differences in the rela-
tion with other macronutrients were observed (Figure 5; Table 3).
In Ellwood (2008), dissolved Zn and PO4 concentrations were not

significantly related in surface waters (r> < 0.001, 0-100 m, see
Figure Al in Appendix) but dissolved Zn and Si were strongly
related (r> =91). Our data suggest a greater role for Zn in phyto-
plankton nutrition. The lack of dZn/Si relationship observed here
(Figure A2 in Appendix) could be related to diatoms not being
the dominant phytoplankton group in the SAZ at the time set of
our study (de Salas et al., 2011), likely related to Si depletion and
limitation (Fripiat et al., 2011).

Here, the ratios dZn/PO4:dCd/PO4 of 5 and dZn/POy:
dCo/POy of 96 (Table 3) showed indeed that Zn had an important
nutritive role in the study region. The Zn/PO4 measured here is
much higher than data previously reported (Table 3, except for
Croot et al., 2011). The dZn/POy ratio observed here (>0.5 uM
PO4) was close to the cellular ratio for which growth inhibition
is observed in Emiliania huxleyi (Table 3, in absence of Co and
Cd, Sunda and Huntsman, 1995a). For a similar Zn?*/Cd?* than
the dZn/dCd ratio observed here, the cellular Zn:P ratio in E. hux-
leyi (1494 pmol mol~!; Sunda and Huntsman, 2000) was close to
the dZn/POy ratio observed. This suggests that Zn was present
at concentrations which could limit or co-limit the growth of
coccolithophores, even considering Zn-Cd biological substitution.
However, in the E-SAZ, the ratios between Zn and Co dissolved
concentrations were smaller than 96, suggesting that Co could
be important to complement Zn nutrition. The disappearance
ratio for Co was smaller than the cellular Co:P ratios under which
growth inhibition was observed for diatoms and coccolithophores
(Table 3), suggesting that phytoplankton in the E-SAZ could be
limited or co-limited by Co.

Based on the Pearson’s correlation coefficient, dissolved Zn
concentrations were related to L-Chlb, S-Chlb, S-peridinin, and S-
prasinoxanthin, biomarker pigments mostly present in the E-SAZ
and at depth in the W-SAZ (50 m), suggesting that Zn nutrition is
important in these regions. This observation is reinforced by the
fact that higher dissolved ecological stoichiometry was observed at
Stns 9 and 10 and that data from the depth of the Chl maximum
had a Zn and Cd concentration much lower than those predicted
from the dZn/Chla and dCd/Chla. Co was significantly related
to L-peridinin, L-Chlb, S-Chlb, S-fucoxanthin, S-but-fucoxanthin,
and S-zeaxanthin. Because these biomarker pigments are mainly
present in the W-SAZ (Stn 4, 50m) and in the E-SAZ (Stns
10-17), it suggests that Co could shape the structure of the phy-
toplankton community in the SAZ region. The effect of Co on
S-Chlb and S-zeaxanthin is not surprising given that studies have
demonstrated a strict Co requirement in cyanobacteria (Sunda and
Huntsman, 1995a; Saito et al., 2002). Oceanic prasinophytes and
dinoflagellates, the dominating phytoplankton in the SAZ region,
have a greater requirement in Zn, Co, and Cd than diatoms (Ho
et al.,, 2003). Laboratory work demonstrated that the haptophyte,
Phaeocystis, and diatoms prefer Zn to satisfy their growth require-
ment, while the haptophyte, E. huxleyi prefers Co (Sunda and
Huntsman, 2000; Saito and Goepfert, 2008). An elevated dZn/dCo
ratio, could favor the growth of diatoms and Phaeocystis and be
a disadvantage for the growth of E. huxleyi (Sunda and Hunts-
man, 1995a; Saito and Goepfert, 2008). In this study, dZn/dCo was
more strongly related to hex-fucoxanthin a biomarker for hapto-
phytes and dinoflagellates (type 2), but not significantly related
to fucoxanthin. This might be because fucoxanthin is not only
present in diatoms, but also in haptophytes, chrysophytes, and
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some dinoflagellates (Jeffrey and Wright, 2006). It should be noted
that, in the field, the preference for Zn or Co for natural phyto-
plankton communities remains largely unknown (e.g., Croot et al.,
2002).

Iron is also known to affect the biological uptake of other
micronutrients (e.g., Cullen et al., 2003; Ho et al., 2003; Twining
et al., 2004b; Cullen and Sherrell, 2005). It, therefore, appears that
complex interconnections exist between these metals and phyto-
plankton. In fact, a significant negative correlation for dFe with
dZn/dCo and a high coefficient of correlation (although not sta-
tistically significant, 0.4) with hex-fucoxanthin, suggest an inter-
action between Fe, Zn, and Co in the control of the phytoplankton
community in the SAZ region.

This study also focuses on other micronutrients for which data
are yet limited. Both Cu and Ni had the same pattern of cor-
relations with biomarker pigments; however, little is known of
a coupled effect for Cu and Ni on phytoplankton growth. Both
these micronutrients were significantly correlated to L-peridinin,
S-peridinin, L-hex-fucoxanthin, S-zeaxanthin, S-prasinoxanthin,
S-Chlb, demonstrating an effect on most major phytoplankton
groups, except diatoms. Cu is involved in nitrogen cycling, elec-
tron transfer associated with photosynthesis and Fe uptake (Morel
et al., 2003; Maldonado et al., 2006), and Ni is involved in urea
assimilation and protection against reactive oxygen species (Morel
et al., 2003; Dupont et al., 2010). The disappearance ratios for Ni
and Cu are close to previously reported values (Table 3). Com-
parison of the dCu/PO4 with cellular Cu:P ratio for Thalassiosira
oceanica and E. huxleyi (Table 3), as well as other oceanic species
including dinoflagellates (Cu:P 60—110 pmol:mol, Ho et al., 2003),
suggests that Cu was present at an optimal level for the growth
of these eukaryotic phytoplankton. For dCu, a relation with POy
(% > 0.75) was only observed for stations within the W-SAZ and
E-SAZ, suggesting a nutrition role in these regions. For Ni, the dis-
appearance ratio measured here (Table 3) was also greater than cel-
lular Ni:P ratios for diatoms and flagellates (160-1150 p.mol:mol,
Twining et al., 2004b), suggesting optimal conditions for growth
in the study region.

As a cautionary note, the disappearance ratios used here can be
influenced by scavenging processes, surface input, organic com-
plexation, recycling, and remineralization, biological uptake, and
drawdown (e.g., Saito et al., 2010; Croot et al., 2011). Recent
studies highlighted important differences in Zn organic specia-
tion between the SAZ and the PFZ, with greater inorganic Zn
concentration found in the PFZ (e.g., Ellwood, 2004; Baars and
Croot, 2011). For micronutrients that are influenced by short time
processes (such as Fe), it is expected that this relation (metal to
POy4) will be significantly blurred, and less meaningful. In addi-
tion, snapshot studies will invariably fail to represent the dynamic
situation between micronutrients and phytoplankton. For exam-
ple, grazing, recycling, supply, and phytoplankton succession
are not considered. During SAZ-Sense, regenerated production
exceeded new production (Cavagna et al., 2011) and grazing dilu-
tion experiments demonstrated the complexity of the processes at
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APPENDIX

Table A1 | Summary of important properties from the W-SAZ (Stn 4), PFZ (Stn 6), and E-SAZ (Stn 9) during the SAZ-Sense study.

Properties W-SAZ PFZ E-SAZ
Euphotic layer depth!, m 61+5 76+14 47 +£13
Mixed layer depth?, m 41418 5346 7942 (16+2)
Integrated Chl a3 46.0+11.5 58.8+2.9 62.4+20.0
Gross primary production® 93+49 37+7 60+29
Grazing rate® 82438 47 +10 67412
Remineralization rate® 21+04 5.0+16 3.7+04
Nitrate seasonal depletion’ 89+18 8.1+0.4 1M.0+£17

N:P seasonal depletion ratio® 16+6 1241 17+£3

'From Westwood et al. (2011), ?Calculated after Rintoul and Trull (2001), a distinct shallow mixed layer depth is shown in bracket for the E-SAZ, see Mongin et al.
(2011), 20-150m (mg m~2), from Westwood et al. (2011), *mmol Cm2 d-', from Cavagna et al. (2011), ° % Total Primary Production removed, from Pearce et al. (2011),
5Mesopelagic C remineralization, 100-600 m (mmol Cm=2 d-') from Jacquet et al. (2011), ”Mixed layer N depletion uses means from 150 to 200 m depth to represent
winter surface values (mmol L~") from Bowie et al. (2011b), Mixed layer N:P ratio uses means from 150 to 200 m depth to represent winter surface values from
Bowie et al. (2011b).
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Table A2 | Metal disappearance ratio relative to dissolved phosphate for each station.

Stn # Latitude (°S) Longitude (°E) Co Zn Ccd Ni Cu
2 44.89 143.05 20.4 NA 147 152 ND
(0.92) (0.52) (1.00) 0.28
11.0 433 167 (0.85)
(0.54) (0.99) (0.917)
4 46.32 140.61 13.6 NA 159 112 ND
(0.84) (0.74) (0.60) 0.63
12.5 486 1.84 (0.95)
(0.58) (0.96) (0.95)
5 48.99 143 106 NA 871 5.50 0.27
(0.98) (1.00) (0.96) (0.76)
702 379 1.70 0.31
(0.53) (0.99) (0.98) (0.87)
6 54.00 145.88 ND 4.73 489 0.73 0.72
ND (0.60) (0.92) (0.73) (0.71)
738 463 1.58 1.31
(0.86) (0.90) (0.95) (0.76)
9 50.87 148.65 ND ND ND ND —-2.55
79.4 ND 258 4.73 (0.45)
0.72) (0.67) (0.40) ND
10 50.00 149.42 180 8.36 ND ND ND
(0.42) (0.50) 931 ND ND
ND 764 (0.84)
0.41)
12 48.06 151.20 46.8 5.77 456 1.70 0.62
(0.90) (0.48) (0.97) (0.57) (0.78)
59.2 ND 451 1.32 0.29
(0.70) (0.76) (0.64) (0.34)
17b 45,55 153.18 20.6 0.99 84.9 1.46 0.35
(0.80) (0.46) (0.86) (0.91) (0.98)
5.00 1.29 346 1.92 0.35
(0.32) (0.59) (0.98) (1.00) (0.917)
17] 45.55 153.18 24 (0.73) 0.73 142 1.08 0.24
6.17 (0.54) (0.86) (0.72) (0.72)
(0.62) 0.61 371 1.78 0.36
(0.83) (0.94) (0.98) (0.92)

Disappearance ratios are presented with their coefficient of correlation (1, in bracket) for depths between 0 and 100 m (roman font, n=4) and 125—-1000 m (italic font,

n= 7). Disappearance ratio is given in pM/wM for Co, Cd, and Ni, and in nM/iwM for Cu and Zn. NA = not applicable due to lack of data, ND = not detected as r* < 0.3.
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INTRODUCTION

Dissolved organic matter (DOM) is a universal part of all aquatic systems that largely orig-
inates with the decay of plant and animal tissue. Its polyelectrolytic and heterogeneous
characters make it an effective metal-complexing agent with highly diverse characteristics.
Microbes utilize DOM as a source of nutrients and energy and their enzymatic activity
may change its composition, thereby altering the bioavailability and toxicity of metals.
This study investigated the impacts of microbial inoculation upon the optical and copper
binding properties of freshly produced leaf-litter leachate over 168 h. Copper speciation was
measured using voltammetry, and using fluorescence quenching analysis of independent
fluorophores determined using parallel factor analysis (PARAFAC). Two protein/polyphenol-
like and two fulvic/humic-like components were detected. Thirty-five percent of total
protein/polyphenol-like fluorescence was removed after 168-h of exposure to riverine
microbes. The microbial humic-like and tryptophan-like PARAFAC components retained sig-
nificantly different log K values after 168 h of incubation (p < 0.05), while their complexing
capacities were similar. Using voltammetry, a sixfold increase in copper-complexing capac-
ity (CC, from 130 to 770 wmol Cug C~') was observed over the exposure period, while the
conditional binding constant (log K) decreased from 7.2 to 5.8. Overall binding parameters
determined using voltammetry and fluorescence quenching were in agreement. However,
the electrochemically based binding strength was significantly greater than that exhibited
by any of the PARAFAC components, which may be due to the impact of non-fluorescent
DOM, or differences in the concentration ranges of metals analyzed (i.e., different analyt-
ical windows). It was concluded that the microbial metabolization of maple leaf leachate
has a significant impact upon DOM composition and its copper-binding characteristics.

Keywords: biodegradation, metal binding, dissolved organic matter, dissolved organic carbon, voltammetry, parallel
factor analysis, fluorescence quenching, copper

candidate for studying microbially mediated changes in the metal-

Dissolved organic matter (DOM) is a ubiquitous, complex, and
polymorphous mixture of molecules that originates chiefly from
the degradation of plant and animal matter. At the point of pro-
duction, this molecular soup includes proteins, carbohydrates,
polyphenols, and other vital compounds, many of which are
quickly metabolized by microbes (Sutton and Sposito, 2005).
Selective microbial metabolization of labile DOM components
changes its overall chemical character (Fellman et al., 2008), which
may affect its reactivity and environmental functioning. In partic-
ular, since DOM controls the mobility, speciation, and therefore
toxicity of metals (Guéguen and Dominik, 2003; Nogueira et al.,
2009), microbial processing may alter metal-binding properties,
and thereby change the level of toxicity.

Leaf litter is a readily available source of DOM, has an impor-
tant impact throughout freshwater systems, and serves as a key
source of nutrients and energy for microorganisms (Tank et al.,
2010). Given its abundance, importance, and the ease and repro-
ducibility of leaching DOM from leaf litter, it is an excellent

binding characteristics of DOM. Copper, an essential metal that
can also be toxic at higher concentrations, has been widely
employed as a representative for metal behavior with respect to
DOM-binding properties (Ruzic, 1982; Ryan and Weber, 1982;
Perdue and Lytle, 1983; Tipping, 1998; Manceau and Matynia,
2010).

Anodic stripping voltammetry (ASV) is a very sensitive method
for determining the key metal-binding parameters involved in
copper-DOM speciation, such as the conditional equilibrium con-
stant or binding strength (log K), and metal-complexing capacity
(CC), which may be derived from the equilibrium relationship
between bound and unbound sites:

[ML]
K= ——_ (1)
(M] - [L]

where [M] and [L] are the concentrations of free copper and lig-
and, respectively, and [ML] is the concentration of bound ligand.
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CC and K may be obtained from the linearized titration curve
(Ruzic, 1982; Durédn and Nieto, 2011):

[M]
[M]Total - [M]

Fluorescence spectroscopy permits the three-dimensional
mapping of the DOM complex into excitation—emission matri-
ces (EEMs), revealing multiple fluorophore groups that are related
to specific classes of molecules, and therefore potentially cor-
respond to different binding sites (Ohno and Bro, 2006). Leaf
leachate is highly fluorescent in regions related to proteins and
polyphenols, and this fluorescence is quenched during the elec-
trostatic interaction involved in metal binding (Ryan and Weber,
1982). Thus, the metal-binding characteristics determined using
ASV and the single-site model (1:1 meta:lDOM stoichiome-
try; Ruzic, 1982) may also be determined for distinct fluo-
rescent sites. Further, the proportion of fluorescence that is
quenched by binding (% f) at each site may be determined,
which may differ according to site properties. Parallel factor
analysis (PARAFAC; Stedmon et al., 2003) of EEMs resolves fluo-
rophore groups into statistically independent components, so that
binding-site identification is more precise (Yamashita and Jaffé,
2008). Site-specific binding information also facilitates the incor-
poration of competition for metals among binding sites (Smith
and Kramer, 1998), which is a likely occurrence in the complex
mixture of molecules in leaf-litter leachate. Hence, fluorescence
quenching using PARAFAC extracts site-specific metal-binding
characteristics, and increases the information yield obtained by
ASV.

In this study, fresh DOM was leached from leaf litter, inoculated
with microbes, and analyzed for its optical and copper-binding
properties over the course of 7 days of incubation using ASV and
fluorescence quenching with PARAFAC. The unique combination
of quenching with EEM-PARAFAC and ASV conducted under
similar matrix conditions (i.e., pH and ionic strength) exploits
the strength of both methods, permitting deeper insight into the
metal-binding characteristics of DOM. This approach provides
unprecedented information about the metal-binding properties
of fluorescing DOM, as well as the bulk DOM leached directly
from leaves.

M+

cc (2

MATERIALS AND METHODS

INITIAL SAMPLING/STORAGE

Leaf litter

Sugar maple (Acer saccharum) leaves were sampled from trees
on the Trent University campus (Latitude 44.36°N, Longitude
78.29°W) in Peterborough, Ontario. Tree species identity was con-
firmed by a federally certified expert (Andrew McDonough, Trent
University). Samples were taken on August 26", 2011 by shaking
the lower branches of two mature (~70" height) trees and gather-
ing freshly fallen litter, and by collecting litter dislodged by wind.
Litter was air-dried, frozen, and prepared following the procedure
used previously.

Microbial inocula
Naturally occurring microbes were collected from the Oton-
abee River (Peterborough, ON, Canada) using a pre-combusted,

acid-washed, 500-mL amber-glass bottle. The sample was imme-
diately transported to the laboratory, filtered through a 5-pm
nitrocellulose filter (Millipore), and separated into 10.0-mL por-
tions. Microbes used in experiment LL1 were stored overnight in
the refrigerator (<5°C), while the inoculum for LL2 was frozen
to minimize adaptive disruptions to community structure over
the longer storage period (<—5°C; Koponen et al., 2006) in 15-
mL acid-washed polypropylene centrifuge tubes. The latter was
moved to the refrigerator 7 days prior to use to allow a return to
normal levels of respiration (Feng et al., 2007).

LEACHING, INOCULATION, SAMPLING, AND FLUORESCENCE
Leaching and organic carbon
Litter was leached by placing whole leaves in a 250-mL
Pyrex beaker and filling with 200 mL milli-Q water (MQW,
<18MQcm™ L Millipore). Two leaching experiments were con-
ducted (LL1 and LL2), using 10 and 7 leaves (5.2 and 3.7g
wet weight, respectively). Leaf cleaning and leachate consistency
were achieved by decanting the leachate and refreshing it with
fresh MQW after 1 and 3h of leaching, and using the com-
plete volume from the 5-h leachates for the experiment. Five-
hour leachates were consecutively filtered through Millipore pre-
combusted glass-fiber (0.7 pm) and nitrocellulose (0.22 pm) fil-
ters that were pre-rinsed with MQW and leachate (respectively)
to remove loose fibers and minimize the introduction of nitrogen.
Prior to adding microbes directly to the leachate in a 250-mL Pyrex
beaker, samples were adjusted to pH 7 using NaOH (Sigma).
Since leaching and initial biodegradation in Southern Ontario
take place mainly in the late fall and early spring when temper-
atures oscillate between —5 and 10°C, the leaching, storage, and
inoculation conditions were completed at 5°C to reflect natural
spring and autumn conditions in southern Ontario. Similarly,
freezing constitutes a normal stress upon the structure of the
microbial community (Koponen et al., 2006).

Inoculation and sampling

Immediately after inoculation, a sample (By) was taken to eval-
uate the immediate effects of microbial addition. The inoculated
leachate was then stored in the dark at 5°C. Samples (B;) were taken
from the active leachate at i =24, 48, 96, and 168 h after inocu-
lation. In experiment LL1, additional dissolved organic carbon
(DOC) analyses were conducted after 2.5 and 4 h, and a control
sample (i.e., non-inoculated leachate) was stored at 5°C in a pre-
combusted, amber-glass vial for the duration of the experiment.
Biological controls (i.e., NaN3) were not added to the control, as
they have been found to affect optical properties and cause unde-
sirable reactions (Scully et al., 2004). The DOC concentration of
all samples was measured using a TOC analyzer (Shimadzu TOC-
Vcpn). Samples were filtered (0.22-pwm nitrocellulose; Millipore)
and stored at 5°C in pre-combusted amber-glass vials prior to
EEM, quenching, and voltammetric analyses, all of which took
place within 7 days.

Fluorescence and PARAFAC
Fluorescence was analyzed following manual injection into the

stopped-flow cell of an on-line fluorescence detector (Agilent
1200-series model G1321A). MQW was used to clean the cell
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between injections, ensured by monitoring continuous scanning
channels at excitation/emission wavelengths (Ex/Em) of 270, 300,
355, 370/460 nm. Injections of 0.01 M NaCl (pH 6) were peri-
odically analyzed between samples to convert fluorescence to
Raman units (r.u.) using the area under the Raman water peak
at Ex=350nm (r.u.; Lawaetz and Stedmon, 2009). Wavelengths
of the on-line fluorescence detector were calibrated daily following
the manufacturer-recommended procedure.

Excitation—emission matrices were captured in ratio (S/R)
mode by scanning over an excitation (Ex) and emission range
(Em) of 200-450 and 280-600nm in 1 and 5nm increments,
respectively. Fluorescence EEMs were measured for three distinct
subsamples of each leachate for each sample B; from both LL1
and LL2, and once for each quenched sample (LL2 only). Four-
fold dilution of all leachate samples ensured that absorbance was
low enough to avoid inner filtering effects (Azs4 <0.01A.U. in a
1-cm cell, Lakowicz, 2006). Blank EEMs (0.01 M NaCl; pH = 6)
were subtracted from each sample EEM to remove background
fluorescence. PARAFAC analysis was conducted after Raman nor-
malization, blank subtraction, and removal of Raman and Rayleigh
scatter lines in MATLAB R2010a using an in-house modified EEM-
Cut algorithm and the DOMFluor toolbox (Stedmon and Bro,
2008).

SPECIATION ANALYSES

Quenching

A 2.5-mM Cu?* copper stock solution was made in 0.001 M NaCl
solution (pH 6) using hydrated cupric nitrate (Baker), and was
diluted to 0.5mM Cu?* on each day immediately prior to use.
Samples were diluted fourfold with 0.001 M NaCl/0.1 M MES
(pH = 6) prior to analysis to ensure that Ajs4 < 0.01 AU. Copper
was added to 14 individual samples for each B; from exper-
iment LL2 with final copper concentrations ranging from 2.4
to 320uM (Figure Al in Appendix). Quenched samples were
stored overnight at 5°C in the dark to ensure equilibration of the
complexation reaction.

Fluorescence quenching was described using the multi-site
Ryan-Weber model following Smith and Kramer (1998, 2000).
The Ryan-Weber model derives a non-linear regression equation
from the equilibrium equation for the formation constant of the
bound metal (Ryan and Weber, 1982), assuming a single binding
site. The Smith and Kramer model accounts for multiple sites,
incorporates competition among binding sites, and assumes that
fluorescence is a linear function of metal concentration. A 95% CI
was calculated for K and CC at each binding site and sampling
time by fitting quenching curves with the maxima and minima of
the 95% CI for each point, as determined from triplicate EEMs of
each B; (Statistica 8; StatSoft).

Voltammetry

A 0.5-mM Cu®* stock solution was prepared by diluting cop-
per reference standard solution (1000 ppm, >99.0%; Fisher) in
0.01 M NaNO3/0.1 M MES (SigmaUltra) adjusted to pH 6.0. Sam-
ples were diluted 10-fold to <5 ppm C with 0.01 M NaNO3/0.1 M
MES (pH = 6) prior to analysis to minimize interferences caused
by the adsorption of DOM on the electrode surface. Copper was
added to 14 individual samples for each B; from experiment LL2

with final concentrations ranging from 0.32 to 5.2 uM (Figure A2
in Appendix).

Square wave ASV analysis of copper speciation was con-
ducted on samples from LL2 using a 663 VA polarographic stand
(Metrohm) coupled to an Eco-Chemie AutoLab PGSTAT10 run-
ning in static mercury drop mode. The analytical procedure fol-
lowed Durdn and Nieto (2011), with the following instrument set-
tings: accumulation potential, —1.1 V; accumulation time, 2 min.;
equilibration time, 20s; scan range, —1.1 to 0.2V at 25Hz, an
amplitude of 25mV and a 2-mV scan increment. The automatic
stirrer was set to maximum during the purging and accumulation
steps. The peak current at a potential of 0.056 V was measured for
14 metal additions along each voltammetric curve.

The conditional stability constant K and complexation capac-
ity CC were determined for each sample B; by fitting the linear
portion of plots of free copper concentration against the ratio
of free to bound copper, and assuming single-site Langmuirian
adsorption with a 1:1 stoichiometry (Ruzic, 1982; Durdn and
Nieto, 2011). The SD of the voltammetric procedure was deter-
mined using three distinct subsamples of Bjgg. The initial copper
concentration of the leachate solution was found to be negligible
(1.13 £ 0.04 ppb; +SD) following analysis by inductively coupled
mass spectrophotometer (XSeries II, Thermo Fisher).

RESULTS
DISSOLVED ORGANIC CARBON
A twofold difference in DOC concentration was found in the 5-
h leachates between the two experiments (2.3 mg C g~! litter ™!
vs. 1.2mg C g~ ! litter™! for LL1 and LL2, respectively; Table 1).
No significant change in DOC concentration was observed due to
the introduction of microbes in LL2 (p > 0.05). Unfortunately, no
DOC data were available for LL1 By. Since the DOC concentra-
tion of the leachate was not significantly different from that of the
pre-inoculated sample, it is referred to as initial.

Dissolved organic carbon losses over incubation were well-
described using the recalcitrant-labile exponential decay model
(Scully et al., 2004):

[DOC] = [DOC]Jg 4 [DOC]  ee >t (3)

where R and L denote the recalcitrant and labile compartments of
DOG, respectively, and b is the rate of change in h~! (Figure 1).
DOC decreased very rapidly in both experiments, showing more
than 95% of overall losses within the first 6 h. The modeled pro-
portions of labile carbon and loss rates were 37%, 0.59h~!, and
13%, 2.6h™! for LL1 and LL2, respectively. Differences in the
rates of DOC loss may have been caused by freezing the microbes
prior to experiment LL2, or by differences in the concentrations
of leachates. A 20% decrease in DOC concentration (from 65.4
to 52.4 mg L) was observed in the control sample over 7 days of
storage in experiment LL1.

FLUORESCENCE PROPERTIES

PARAFAC

The initial PARAFAC dataset included 189 EEMs, and one outlier
was excluded during preliminary analysis (i.e., B4g + 190 wM Cu).
Since the outlier constituted only 1 of 14 titration points at the tail
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Table 1| DOC concentrations (ppm) and PARAFAC loadings of leachate samples over 168 h of degradation by river microbes (n=3).

Trial Initial DOC DOC after 168h Component Initial loading Loading after 168 h  Control loading (168 h) Initial % % Loading
(peak) loading after 168 h
LL1 65.4(1.62) 38.9(0.31) C1(B) 0.63 (0.014) 0.40 (0.006) 0.50 (0.004) 56 47
C2 (M) 0.28 (0.008) 0.24 (0.007) 0.30 (0.007) 25 28
C3 (M 0.15 (0.005) 0.14 (0.002) 0.18 (0.001) 13 16
C4 (C) 0.07 (0.001) 0.07 (0.002) 0.09 (0.003) 6 8
LL2 25.5(1.73) 22.1 (0.88) C1(B) 0.48 (0.021) 0.33 (0.006) n/a 55 49
C2 (M) 0.19 (0.002) 0.20 (0.005) n/a 22 30
C3 (M 0.15 (0.014) 0.11 (0.005) n/a 17 16
C4 (C) 0.05 (0.003) 0.03 (0.002) n/a 6 4

SD is shown in parentheses, and significant changes are shown in bold type. Peak designations follow Coble (1996).
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FIGURE 1 | Leaching curves for LL1 (e) and LL2 (O) and the final
concentration of the leachate control sample for LL1 (v). Error bars
show 95% Cls.

of the quenching curve, it is unlikely that the results were seriously
affected.

A six-component PARAFAC model was cross-validated, which
identified four components (Figure 2) previously associated
with DOM from fresh and marine waters (Coble, 1996; Sted-
mon and Markager, 2005), and with leaf leachates (Wickland
et al., 2007; Wong and Williams, 2010). Component 1 (Cl,
Ex/Em =220, 280/320 nm) resembled tyrosine/polyphenol-like
peak B; component 2 (C2, 210, 315/430 nm) was similar to
humic/carbohydrate-like peak M; C3 (225, 275/350 nm) was
similar to tryptophan/polyphenol-like peak T; and C4 (235,
380/465 nm) resembled fulvic-like peak C. In all EEMs, the loading
of C1 was dominant.

The two additional components had sharply defined excitation
wavelengths and emission spectra that spanned all wavelengths
(Ex/Em =205/370 and 220/320 nm), and were associated with
the nitrate added to the quenching samples (Stewart and Wet-
zel, 1980). Samples containing nitrate-related components (42%)
were removed from the data set and a second PARAFAC analy-
sis was completed. The second analysis was cross-validated for
four components, which were identical to the non-anomalous

components from the first analysis in shape, loadings, and order
of importance. Consequently, all EEMs were included in the
PARAFAC model, and the components associated with nitrate
were ignored.

Changes after inoculation

As with DOC losses over incubation (Figure 1), changes in
PARAFAC loadings were best described using the recalcitrant-
labile exponential decay model (Figure 3). In general, the load-
ings of all PARAFAC components either decreased or remained
the same after 168h in both experiments, with the exception
of a slight increase in C2 in experiment LL2 (Table 1). How-
ever, as a proportion of overall loading only the changes to C1
and C2 were significant in LL2 (p < 0.05). The proportions of
all components were quite similar in both experiments, both
before and after inoculation. Despite high variability in DOC
losses over the two experiments, the changes in total component
loading were similar to those of DOC, with an average (£SD)
loading reduction of 23.9 4-1.37%, and an average DOC loss of
26.9 +19.2%.

To assess the reproducibility of the experiment in terms
of biodegradable DOM, component loadings were partitioned
into two groups (protein/polyphenol-like and humic/fulvic-like),
which have been respectively associated with relatively labile
and recalcitrant DOM (Stedmon and Markager, 2005; Fellman
et al.,, 2008, 2009). The average protein/polyphenol-like load-
ing (C1 4 C3) was calculated for each sample, and fit with the
recalcitrant-labile exponential model (Eq. 3; Figure 4A). The
relatively recalcitrant fraction (i.e., that remaining after incuba-
tion; Eq. 3) of the protein/polyphenol-like fluorescence consti-
tuted 64 and 66% of total protein/polyphenol-like fluorescence for
LL1 and LL2, respectively, so that the portion lost over the incu-
bation period was considered to be more labile (p < 0.0005 for
both experiments). To assess the corresponding impact on overall
DOM quality, the combined protein/polyphenol-like (C1 + C3)
and humic/fulvic-like (C2 4 C4) loadings were converted to pro-
portional loadings [e.g., (C1+ C3)/XC;_4], and transformed
to ensure normality of the distribution (arcsin—square root;
Figure 4B). Statistically identical linear decreases in the propor-
tion of protein-like components were found for LL1 and LL2
(p > 0.05). The corresponding loss rates (i.e., slopes) and original
protein/polyphenol concentrations (i.e., intercepts) were 0.04%
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FIGURE 2 | PARAFAC components found in this study and their associated identities following Coble (1996).
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FIGURE 3 | Changes in average PARAFAC component loadings [C1 (e),
C2 (v), C3 (M), and C4 (#)] over the microbial incubation period during
experiment LL2. Error bars (+ SD) that are not apparent are smaller than
their respective symbols.

h~! and 69.9%, and 0.03% h™! and 69.0% of DOM for LL1 and
LL2, respectively (Figure 4B).

Compared to B,, changes in the control sample mirrored those
observed over the microbial exposure period, but were decidedly
less severe. The DOC concentration and PARAFAC loadings for
components C1—4 in the control sample were 52.4mgL~!, and
0.50 £ 0.004, 0.30 = 0.007, 0.18 £ 0.001, and 0.09 % 0.003, respec-
tively. These changes correspond to percentage losses of 19.8%
DOC and 12.6% total loading, respectively (Table 1).

QUENCHING
Quenching behaviors and binding characteristics differed by
PARAFAC component and over the period of microbial exposure
for all components, generally changing from significantly differ-
ent (p < 0.05) to more similar (Figures 5A—C; Table 2). The log
K and CC values of all components were significantly different
from each other (by component) in By, and both parameters were
significantly different for each component in By compared to Bjeg
(p < 0.05; Table 2).

In the leachate, protein/polyphenol-like C1 visibly quenched
more slowly than other components and had a significantly lower
log K value (4.73 vs. 5.42-6.11). However, the differences in log K

www.frontiersin.org

May 2012 | Volume 3 | Article 166 | 84


http://www.frontiersin.org
http://www.frontiersin.org/Microbiological_Chemistry/archive

Cuss and Guéguen Metal binding of DOM over biodegradation

A B
0.9 1.04 -
508 2
e E 1.02 4
T
go7 2 1.00 ] %
2 0.6 o y=0.99-0.0004x
£ 098 @
w L
< 0.5 2
<04 \ 2 g 0.9 9
s le e ¥ 5
5] = 0.94
©03 [®] =) A 5 v
ool 428 2 g 0.92 1 ®
a
0.1 T T T v 0.90 v v v v
0 50 100 150 0 50 100 150
Degradation time (h) Degradation time (h)
FIGURE 4 | Changes in (A) PARAFAC component loadings and (B) degradation. The regression equation is for the overall mean
mean proportions (arcsin-square root transformed) of grouped proportion of protein/polyphenol-like loadings for both experiments
protein/polyphenol- (filled) and humic/fulvic-like constituents (dotted line). Some error bars (£SD) are smaller than their respective
(open) for experiments LL1 (o) and LL2 (v) over the course of symbols.
A B (]
62 2 07
60
58 20 06
o
« 58 218 05
2 54 £ -
3 = ®
52 816 04
50 14 0.3
48
46 + 12 4 0.2
0 4 0 120 160 ] 40 80 120 160 0 40 & 120 160
Incubation time (h) Incubation time (h) Incubation time (h)
D 744 E 1000
724
7.0 _ 8w hd
638 o
xc’ 66 _Z 600
= y=5.85+1.39* e 0.044x = e 006l
6.4 R2=0.999 S a0 y=132 + 594*(1-0%51x)
62 R?=0.983
6.0 4 200
58 1 4
56 0
0 40 80 120 160 0 40 80 120 160
Incubation time (h) Incubation time (h)
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(M), and C4 (¢) and (D,E) voltammetry.

were significantly reduced after inoculation, corresponding with  (Figures 2, 5A). The log K values of C3 and C4 were also signifi-
anincrease in CC from 13.3 to 18.2 umol Cug C~! (Figures 5A,B)  cantly lower after 168 h of leaching, whereas their CC values were
and a decrease in the proportion of fluorescence quenched by significantly higher (p <0.05). Exponential patterns of change
binding (% f) from 47.5 to 31.6% (Figure 5C). For C2 the oppo- were observed for CC and % f. However, no significant differ-
site trends were apparent, with decreases observed inlog K and CC  ences in % f were observed between By and Bjeg for C3 or C4
(from 5.42 to 5.15 and from 21.0 to 18.5umol CugC~! respec- (Table2).

tively) and a 2.4-fold increase in % f (from 26.1 to 62.3%). The

patterns of change for CC and % fin C1 and C2 closely resem- VOLTAMMETRY

bled the exponential curves observed for DOC and fluorescence, ~Binding parameters (log K and CC) determined by voltammetry
while only the log K of C1 underwent exponential-type change exhibited significant, exponential change after inoculation (from
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Table 2 | Confidence ranges (95%) for conditional binding constant (log K), complexing capacity (CC), and proportion of fluorescence quenched
(% f) determined by the fluorescence quenching of leaf-litter leachate over 168 h of degradation by microbes.

Component Initial Log K Log K after 168 h Initial CC CC after 168 h Initial f (%) f after 168 h (%)
(peak) (wmolCugC) (wmolCugC)

C1(B) 4.73-4.74 5.44-5.54 13.3-13.7 18.1-21.1 45.2-49.7 26.8-36.3

C2 (M) 5.42-5.42 5.07-5.25 21.0-22.6 17.3-18.0 18.1-32.1 62.1-62.7

C3 (M 6.11-6.11 5.83-6.01 15.9-17.7 18.0-22.3 35.4-48.6 30.8-44.0

C4 (C) 5.78-5.81 5.48-5.55 14.4-15.7 15.9-20.2 40.1-47.1 32.6-54.3

Confidence ranges were determined by modeling quenching curves in triplicate, using maxima and minima of 95% CI from triplicate fluorescence measurements of

each sample prior to metal addition. Values that changed significantly over degradation are shown in bold type.

7.2 to 5.82 and from 130 to 770 wmol CugC™!, respectively;
p <0.005), and the rates of change were very similar for both
parameters (0.044 and 0.061, respectively; p > 0.05; Figures 5D,E).

DISCUSSION

BIODEGRADATION

Changes in the leaf-litter leachate occurred at an extremely rapid
rate (exponential loss rates of 0.59 and 2.6h~! for DOC in LL1
and LL2, respectively) and a significant difference was observed
for all PARAFAC components between both experiments, before
and after inoculation (p < 0.05). The multiple consistent sampling
points observed along the tail of exponential curves imply that the
early stages of decomposition have reached a relatively steady state.
However, only protein/polyphenol-like component C1 decreased
in its overall average proportion (from 56 to 47% of total loading).
The proportional increase in C2 (from 22 to 30%; Table 1) was
relatively high in LL2, suggesting that the net effect of microbial
action may have been the production of C2 and consumption of
Cl1. Although the loadings of components C3 and C4 decreased
over incubation, their proportional contribution to fluorescent
DOC did not change significantly in LL2 (p > 0.05; Figure 3;
Table 1). These changes were different from those observed in
experiment LL1, where the proportions of C3 and C4 increased
significantly (Table 1; p < 0.05). Differences in DOC processing
and component loadings observed between experiments LL1 and
LL2 may have been caused by the freezing of the microbial com-
munity in LL1, and subsequent nutrient depletion over the 7-day
recuperation period (Jansson et al., 2006). Despite this difference,
the overall effect of rapid protein/polyphenol-like consumption
(C1, C3) and carbohydrate/humic-like production (C2) was con-
sistent across experiments, and is generally considered to reflect
microbial processing (Parlanti et al., 2000; Scully et al., 2004; Wick-
land et al., 2007; Bowen et al., 2009; Fellman et al., 2009; Hur et al.,
2009).

Similar changes were observed in the DOC concentration
and component loadings of the control sample, suggesting some
microbial processing may be due to ambient microbes, or the
possibility that ambient and riverine populations effect similar
changes in leaf leachate. However, the possibility of preferential
decomposition of different DOM compartments by one microbial
community, and concomitant transformation of waste products
by other communities makes the intricacies of processing unclear
(Covert and Moran, 2001; Docherty et al., 2006). Since absolutely
abiotic conditions are practically impossible in leaf leachates,

ambient microbial populations may have contributed to some of
the observed changes. The changes in the control sample were sig-
nificantly lower than in the inoculated samples, suggesting that the
observed changes in copper-binding properties were mainly due
to the inoculum.

The observed rapidity of initial DOC decline has also been
attributed to the adsorption of relatively large components to
the surfaces of colloids and microbes introduced during inoc-
ulation (Maurice et al., 2004; Young et al., 2004). To explore
this possibility, colloid formation was investigated by observing
second-order fluorescence scattering at Ex/Em = 300/600 nm, fol-
lowing the procedure used by Guéguen et al. (2002). No substantial
increases from the level of scattering in the leachate were evi-
dent immediately after inoculation, during the observed changes
in optical properties, or in the control sample. The apparent
absence of particles, similarities between the patterns of change
in DOC and protein/polyphenol-like components, and recent
reports of extremely rapid protein and carbohydrate consump-
tion by microbes under natural and artificial conditions, together
imply that much of these losses are due to the processing of labile
constituents (Fellman et al., 2009; Huang et al., 2011).

CHANGES IN DOM COMPOSITION AND METAL-BINDING PROPERTIES
Exponential increases in the binding strength and ligand con-
centration of C1 were contrasted by an exponential decrease in
ligand concentration and a linear decrease in binding strength in
C2 (Figures 5A,B; Table 2). Further, % f decreased exponentially
for Cl, and increased exponentially for C2. Overall, exponential
changes in metal-binding properties over incubation coincided
with those of component loadings for C1 and C2, and for DOC
(Figures 2 and 5). Components C3 and C4 also exhibited signifi-
cantly lower log K and increased CC after inoculation (p < 0.05),
but % f was not significantly different after 168 h of microbial
exposure for these components (p > 0.05).

The binding strength and complexing capacities of PARAFAC
components changed from being significantly different in
leachates, to being more similar in biodegraded samples (Figure 5;
Table 2). These changes may reflect the partial consumption
or transformation of protein/polyphenol-like molecules (C1 and
C3). The results of binding parameters based on fluorescence
showed a marked increase in variability after incubation (i.e.,
width of 95% CI increased substantially; Table 2). Changes in
copper-binding characteristics measured by voltammetric analy-
sis were also exponential in nature, paralleling rates of change
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for component loadings and DOC concentration (Figures 2
and 5D,E). Decreases in the binding strength of the overall
leachate measured by voltammetry reflected those observed for
components C2—4 in fluorescence quenching rather than the
increase observed for C1. However, the complexing capacity deter-
mined using voltammetry increased in harmony with changes
to C1, C3, and C4 (Figures 5B,E). Thus, voltammetric and flu-
orescence quenching measurements were found to be in gen-
eral agreement about the effects of inoculation on the copper-
binding parameters of leaf leachate. However, the cumulative
copper-binding strength of the leachate determined by voltam-
metry was significantly greater than the binding strength exhib-
ited by any of the PARAFAC components in the quenching
experiments (7.2 vs. 4.73-6.11; Figures 5A,D; Table 2), which
may be due to the impact of non-fluorescent DOM, or dif-
ferences in the concentration ranges of metals analyzed (i.e.,
different analytical windows; Buffle, 1988). Nonetheless, fluo-
rescence quenching analysis yields key information about how
the effects of changes in the character of DOM upon binding
properties, as it provides site-specific binding parameters for sev-
eral PARAFAC components that have been related to known
constituents of DOM.

Despite the similarities in fluorescence characteristics and
chemical properties attributed to protein/polyphenol-like com-
ponents C1 and C3, and to humic/fulvic-like C2 and C4, both the
individual responses of components to incubation and their bind-
ing properties were distinct. These unique responses and prop-
erties underscore the complex nature of fluorescent DOM both
in fresh leaf-litter leachate, and in leachates exposed to microbial
action.

Meaningful comparison of specific results with the findings of
other researchers is challenging, as studies of copper-binding char-
acteristics that use fresh leaf-litter leachates are scarce and research
groups tend to employ distinct methods of analysis, binding mod-
els, numbers of sites, litter conditioning, matrix characteristics,
etc. Increases in copper-complexing capacity of the same mag-
nitude as those observed using voltammetric analysis have been
observed elsewhere for extracts of wheat straw and crimson clover
following inoculation with soil microbes, which were also related
to similar changes in fluorescence (0.11-6.28 to 0.29-32.1 mmol
Cu g C™Y Merritt and Erich, 2003). The log K values found
in bulk and low-molecular-weight fractions of wheat straw and
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FIGURE A1 | Quenching data and fitted models (following Smith and
Kramer, 1998) for PARAFAC components in leaf leachate after 168 h of
microbial degradation. PARAFAC component C1-circles, C2-squares,
C3-diamonds, C4-triangles.
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FIGURE A2 | Voltammetric titration curve for sample B168, with
dynamic non-linear fitting of two-piece-linear curve to locate the
inflection point (xH). yi are the values of y (current) at the start and finish
of the two linear curves.
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INTRODUCTION

Iron is essential for all aerobic organisms, but is highly reac-
tive and toxic via the Fenton reaction (Halliwell and Gutteridge,
1992). Consequently, organisms tightly control iron homeostasis
and have highly coordinated responses to iron deficiency and iron
overload. Photosynthetic organisms must also maintain the iron-
rich photosynthetic electron transport chain, which likely evolved
in the iron-replete reducing environments of the Proterozoic ocean
(Falkowski, 2006). The levels of bioavailable iron have decreased
drastically over time, concurrent with the rise in oxygen, indicat-
ing adaptations have been made to maintain sufficient iron levels
in the midst of scarcity.

Still, limited iron availability impairs phytoplankton growth in
as much as 40% of the ocean, notably in the Southern Ocean,
equatorial Pacific Ocean, and north Pacific Ocean (Moore et al.,
2001). As the levels of other nutrients are sufficient, these areas
are categorized as high-nutrient, low-carbon (HNLC). This iron
limitation has been evidenced by iron fertilization experiments of
HNLC waters, which can produce rapidly growing algal blooms
(Boyd et al., 2007; Figure 1), and ultimately, speculation that
these blooms could be utilized to capture and sequester carbon
from the atmosphere (Chisholm et al., 2001). At the same time,
elevated atmospheric carbon will likely acidify the ocean, almost
certainly altering iron bioavailability, and thus algal productivity
(Shi et al., 2010). Consequently, much effort has been made to
predict how climate change will affect iron availability and phy-
toplankton growth, and how altered phytoplankton growth will
itself affect climate change.

Despite the large-scale experiments related to iron and the
ocean, our current understanding of the underlying mech-
anisms of iron homeostasis in phytoplankton remains lim-
ited. Earlier work has shown that iron quotas are often opti-
mized in marine phytoplankton, yet the mechanisms of iron
uptake in these organisms remain obscure. The sequencing of

Iron is essential for aerobic organisms. Additionally, photosynthetic organisms must main-
tain the iron-rich photosynthetic electron transport chain, which likely evolved in the iron-
replete Proterozoic ocean. The subsequent rise in oxygen since those times has drastically
decreased the levels of bioavailable iron, indicating that adaptations have been made to
maintain sufficient cellular iron levels in the midst of scarcity. In combination with physiolog-
ical studies, the recent sequencing of marine microorganism genomes and transcriptomes
has begun to reveal the mechanisms of iron acquisition and utilization that allow marine
microalgae to persist in iron limited environments.

Keywords: iron, cyanobacteria, diatoms, algae, phytoplankton, genomics, prasinophytes

marine phytoplankton genomes and community metagenomes
has revealed a plethora of genes of unknown function, many of
which are species-specific (e.g., Rocap, 2003; Venter et al., 2004;
Allen et al., 2008; Frias-Lopez et al., 2008; Maheswari et al., 2010).
Thus it is proposed that phytoplankton survival in iron-starved
waters could rely on novel adaptations encoded by these genes.
Indeed, it was recently found that the newly cultured marine
species Chromera velia appears to lack any of the currently char-
acterized systems of iron uptake (Sutak et al., 2010); while the
halophilic green alga Dunaliella salina was found to utilize a
transferrin, an uptake system well-characterized in mammals, but
otherwise unknown in plants (Paz et al., 2007). This review will
focus on the recent advances in genomics in marine phytoplank-
ton models that have begun to shed light on the adaptations that
allow survival in environments where iron is vanishingly rare.

MARINE CYANOBACTERIA

Cyanobacteria, modern examples of the oldest oxygenic pho-
totrophs, are proposed to have begun the great oxidation event —
the initial oxygenation of the earth’s atmosphere around 2.4 bil-
lion years ago (Kasting and Siefert, 2002). While metagenomic
approaches have begun to reveal the diversity of bacteria in the
oceans (e.g., Venter et al., 2004; Frias-Lopez et al., 2008; Zehr et al.,
2008), the physiological characterization of iron homeostasis in
free-living marine cyanobacteria has been primarily limited to the
diazotrophs Trichodesmium and Crocosphaera watsonii, and the
non-diazotrophs Synechococcus and Prochlorococcus. The genome
sequencing and expression analysis in these genera, combined with
physiological characterization, suggest that several mechanisms to
survive iron limitation exist across marine cyanobacteria species
(Table 1):

1. Iron uptake is likely mediated by the FutA/IdiA-based ABC
transporter system (Figure 2), genes for which have been
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FIGURE 1 | Examples of iron limitation in the ocean as evidenced by
rapid growth of diatoms and other plankton after iron fertilization
experiments. Circle color indicates dominant plankton in resultant blooms:
orange — diatoms; green — picophytoplankton; pink — zooplankton. 1 — IronExI,

,. 13 10 . 4 o~
3 LQ',"AFE*" ! -l I e
g ‘-.M:‘ > - 7o

.-

mtp:x‘:’oceancolor.gsfc.nasa.govk

1993; 2 — IronEx-ll, 1995; 3 — SOIREE, 1999; 4 - EisenEx, 2000; 5 — SEEDS-,
2001; 6 — SERIES, 2002; 7 - SOFeX North, 2002; 8 - SOFeX South, 2002;

9 - SEEDS-I, 2004; 10 - EIFEX, 2004; 11 — SAGE, 2004; 12 — PAPA-SEEDS,
2006; 13 - LOHAFEX, 2009. Adapted from Trick et al. (2010).

found in 28 unicellular cyanobacteria genomes of Prochloro-
coccus, Synechococcus, and Synechocystis (Rivers et al., 2009).
futa/idia is predicted to encode a periplasmic iron binding pro-
tein; futb likely encodes a Fe(III) permease; and futC an ATPase
binding protein. Levels of FutA/IdiA protein increase under
iron starvation in Prochlorococcus (Bibby et al., 2003; Thomp-
son et al., 2011), Trichodesmium sp. IMS 101, Crocosphaera
sp. WH8501, and Synechococcus spp. WH8103 and WH7803
(Webb et al., 2001). Work in freshwater cyanobacteria found
that the futA/idia ortholog futA2 encodes a periplasmic iron
concentrating protein essential for Fe(III) uptake (Katoh et al.,
2001; Badarau et al., 2008). Additionally, freshwater cyanobac-
teria possess FutA1l, which also functions in iron uptake (Katoh
et al., 2001) but is found to localize to the thylakoid mem-
brane and plays an unknown role in the protection of PSII
(Michel et al., 1998; Exss-Sonne et al., 2000; Tolle et al., 2002).
The role, if any, of FutAl in marine cyanobacteria remains
uninvestigated.

2. Iron limitation remodels the machinery of photosynthesis
(Barber et al., 2006). Specifically, the number of photosynthetic
complexes is reduced: iron-rich PSI (12 iron atoms) decreases,
in favor of PSII (three iron atoms), and the number of phyco-
bilisomes (which are synthesized by iron-containing proteins)
decreases.

3. Finally, genome analysis of Prochlorococcus, Synechococcus, Cro-
cosphaera, and Trichodesmium species suggests that nickel
superoxide dismutase (SOD) is utilized in place of iron SOD
to remove reactive oxygen species (ROS; Dufresne et al., 2003;
Palenik et al., 2003; Rocap, 2003; Eitinger, 2004).

NON-DIAZOTROPHS

Prochlorococcus and Synechococcus are the two most prominent
genera of picoplanktonic marine cyanobacteria (Partensky et al.,
1999a). Although they overlap in some ecosystems and may
have participated in lateral gene transfer (Beiko et al., 2005;

Zhaxybayeva et al., 2009), Synechococcus has a broader global dis-
tribution, especially in temperate latitudes and coastal regions,
while Prochlorococcus is more abundant in tropical latitudes and
oligotrophic environments (Zwirglmaier et al., 2008). Synechococ-
cus and Prochlorococcus also differ in their light-harvesting appa-
ratus: Synechococcus utilizes chlorophyll a, while Prochlorococcus
utilizes divinyl chlorophylls a and b (Partensky et al., 1999b). The
sequencing of these genomes is beginning to reveal the diverse
genetic adaptations that allow survival in a range of nutrient
environments.

Prochlorococcus

Prochlorococcus is a very small cyanobacteria (0.5-0.7 um in diam-
eter), ubiquitous within the latitudes 40°S to 40°N, and perhaps
the most abundant photosynthetic organism on earth (Partensky
et al., 1999b). Some natural populations have been shown to be
somewhat iron-starved, as iron addition experiments have resulted
in increased Prochlorococcus cell division, cell size, and chloro-
phyll levels (Cavender-Bares et al., 1999; Mann and Chisholm,
2000), and Prochlorococcus dominates Synechococcus in the iron
limited equatorial Pacific (Campbell et al., 1997). Prochlorococcus
populations, however, have been shown to be much less iron-
starved than larger cells such as diatoms (Partensky et al., 1999b).
The high surface-to-volume ratio of the small Prochlorococcus
cell presumably aids nutrient uptake in these iron limited envi-
ronments (Chisholm, 1992), although the MIT9313 ecotype was
found to be more tolerant of iron limitation than the smaller-
sized MED4 (Thompson et al., 2011). Presumably, this is because
MIT9313 is from waters with 25-fold less total iron levels than
MEDA4.

Prochlorococcus has a small genome of less than 2000 genes
(Rocap et al., 2002), and the sequences of over a dozen strains
have now been published. Several Prochlorococcus ecotypes possess
iron homeostasis genes missing in some species of Synechococ-
cus (Rocap, 2003), suggesting that they could be environmental
adaptations. These include (Table 1):
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Table 1| Iron-related genes and proteins mentioned in the review (see text for reference).

ELECTRON TRANSPORT

iSIA Novel chlorophyll-binding protein that forms chlorophyll-protein-antenna super-complexes during Fe-starvation

isiB (flavodoxin)
petF (ferredoxin)
during photosynthesis.
petE (plastocyanin)
bgf complex to PSI.
petJ (cytochrome
Ce) from cytochrome bgf complex to PSI.
cytochrome cm
electron transport chains.
cytochrome bgf

Fe-free electron transfer protein that can replace ferrodoxin during Fe-starvation.
Fe-S cluster based electron transfer protein used in a wide variety of reactions, including electron transfer to NADP+ reductase

Cu-based electron transfer protein that can replace cytochrome cg during Fe-starvation; transfers electrons from cytochrome

Cyanobacterial heme-based electron transport protein in thylakoid lumen downregulated during Fe-starvation; transfers electrons

Cyanobacterial heme-based electron transport protein downregulated during Fe-starvation; may function in PS and respitory

Fe-rich electron transfer and proton pumping complex in thylakoid membrane, down-regulated during Fe-starvation; mediates

complex electron movement from PSII to PSI.
IRON TRANSPORT
Bacterial Fe(lll) transport system
idiA/futA/afuA Fe(lll) binding protein
idiB/futB Permease
idiC/futC ATPase
Bacterial Fe(ll) transport system
feoA Small soluble protein
feoB Predicted Fe(ll) permease
feoC Predicted regulator
Divalent metal transporters
ZIP ZRT, IRT-like proteins — transports divalent transistion metals into cytoplasm, e.g., Fe(ll), Zn, Mn, Cu(ll), Co, Ni, Cd
NRAMP Natural resistance-associated macrophage proteins — transports divalent transistion metals into cytoplasm, e.g., Fe(ll), Zn, Mn,
Cu(ll), Co, Cd
Oxidase-permease based transport system
FRE Ferric chelate reductase — transfers electrons from NADH via heme to reduce Fe(lll)
FET3 Multicopper ferroxidase that oxidizes Fe(ll) from ferric reductases and passes Fe(lll) to FTR
FTR High affinity iron permease — transports Fe(lll) across the plasma membrane, in complex with Fet3
OTHER
Fur Canonical bacterial transcriptional regulator that represses iron uptake genes
FER Ferritin — sequesters and oxidizes Fe(ll) in a multimer; found in the plastid and mitochondria of plants, and the cytosol and
mitochondria of human; expression is induced by excess iron, thus mitigating oxidative stress.
Ftn Bacterial ferritin.
Dps DNA-binding proteins from starved cells — bacterial Fe-sequestering protein, that can also bind DNA.

e Flavodoxin (isiB), an iron-free electron transfer protein that
can replace the functionally equivalent Fe—S protein ferredoxin
(petF) under iron limitation (Erdner and Anderson, 1999).

e One to two ferritin genes (Figure 2). Ferritin is an iron storage
protein associated with survival in low iron marine environ-
ments (Marchetti et al., 2009), and prevention of iron-induced
oxidative stress in terrestrial organisms, e.g., Arabidopsis (Ravet
et al., 2009) and humans (Corsi et al., 1998; Orino et al., 2001);

e Two to three fur genes, the canonical bacterial transcriptional
regulator that represses iron uptake genes.

e Candidates for a high affinity iron scavenging system (Rocap
et al., 2002).

The Prochlorococcus core genome lacks Fe—siderophore complex-
related genes, but has components of a bacterial Fe(III) ABC
transporter encoded by idiA/futA/afuA, futB, and futC (Rocap
et al., 2003). However, it remains unclear what iron species

Prochlorococcus is able to transport. MIT9313 is more sensitive to
copper than MED4 and possesses putative iron transport genes
that are missing in MED4, suggesting variation exists in sub-
strate specificity of iron uptake systems between the ecotypes
(Thompson et al., 2011).

Examination of the transcriptional response to iron starva-
tion using qPCR and microarrays found that flavodoxin (isiB)
is upregulated and that ferredoxin (petF) is downregulated (Bibby
et al.,, 2003; Thompson et al., 2011), while some genes associ-
ated with the iron-rich PSI and cytochrome bgf complexes are
downregulated, presumably allowing the reallocation of iron. To
increase iron uptake, idiA is upregulated (although futB and futC
are constitutively expressed under both iron-sufficiency and defi-
ciency; Thompson et al., 2011). Finally, hli genes are upregulated,
presumably to protect the photosystems from oxidative stress.

Comparisons of different Prochlorococcus “ecotypes” have
found that there are differences in expression of iron-regulated
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FIGURE 2 | Potential iron homeostasis systems in marine
cyanobacteria, as predicted by genomic analyses. At least in part, iron
uptake in cyanobacteria is likely facilitated by the concentration of Fe(lll) in
the periplasmic space by FutA, followed by transport into the cytoplasm by
the FutB/FutC ABC transporter system. The presence of FeoA/B genes in

marine cyanobacteria genomes suggests Fe(ll) uptake could also occur.
Finally, the Synechococcus sp. PCC 7002 genome contains genes for
siderophore biosynthesis, as well as Fe-siderophore (Fe-S.) uptake via a
TonB dependent receptor system. Within the cell, iron could be
sequestered by bacterioferritin and Dps.

genes, indicating there is natural variation in the iron deficiency
response (Bibby et al., 2003; Thompson et al., 2011). An exam-
ination of MIT9313 and MED4 found that the iron-regulated
transcriptome was enriched with genes from the genomic islands
and genes outside the core genome (Thompson et al., 2011).
It was previously shown that Prochlorococcus ecotypes use gene
islands with nutrient transport and assimilation genes, perhaps
gained by lateral gene transfer, to adapt to the phosphate and
nitrogen availability of their environment (Martiny et al., 2006,
2009), so it is plausible that lateral gene transfer has also pro-
vided adaptations to iron limitation. Another potential adaptation
strategy was identified in two ecotypes from low iron regions of
the Eastern Equatorial Pacific upwelling and the tropical Indian
Ocean through reconstruction of putative genomes of previously
unidentified ecotypes from the 73 metagenomic samples of the
Global Ocean Sampling expedition (Rusch et al., 2010). These two
new genomes had the same assortment of iron uptake and stress
genes as other ecotypes; however, six iron-containing proteins
were absent. Assuming that the absence from these metagenomic
data sets represents the absence from these actual genomes, this
would indicate that the iron quotas are minimized via the loss
of approximately 10% of the genes for iron-based proteins found
in other Prochlorococcus ecotypes (Rusch et al., 2010). The miss-
ing iron-containing proteins include nitrate reductase, and several
electron transfer proteins that are associated with the optimiza-
tion of photosynthetic efficiency: two ferredixins, plastoquinol
oxidase (PTOX), and cytochrome c,, (Table 1). It was proposed
that this reduces the maximum photosynthetic efficiency of these

ecotypes, but allows survival in a low iron environment. At the
same time, this likely limits the ability of these ecotypes to respond
and grow rapidly following the appearance of iron, as iron addition
experiments in this part of the ocean show only a minimal response
from Prochlorococcus (Rusch et al., 2010).

Synechococcus

Iron starvation of marine Synechococcus results in accumulation of
glycogen granules, decreased chlorophyll a and thylakoid leaflets,
and decreased protein levels of phycocyanin, allophycocyanin, and
the PSII reaction center D1 peptide PsbA (Sherman and Sherman,
1983; Webb et al., 1994; Michel et al., 2003). The iron quota is
likely minimized by the use of (Table 1):

e The copper-containing plastocyanin in place of the iron—protein
cytochrome ¢¢ for electron transport from cytochrome bgf
complex to PSI.

e A cobalt-dependent ribonucleotide reductase.

e A putative nickel SOD (Rivers et al., 2009).

Flavodoxin (isiB) is present in all Prochlorococcus examined so
far, but absent in nearly two-thirds of the marine Synechococcus
genomes currently available. Finally, the gene isiA is present in the
genomes of three out of the four marine Synechococcus species
from environments that are perhaps iron limited (Bibby et al,,
2009); thus it has been proposed to be an adaptation to low iron
environments, although it is absent from the oligotrophic strain
WHS8102 (Dufresne et al., 2008). In the thermophilic freshwater
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species S. elongates, isiA is upregulated in response to iron star-
vation (Park et al., 1999; Bibby et al., 2001a), resulting in the
formation of giant PSI-IsiA-chlorophyll-protein—antenna super-
complexes (Bibby et al., 2001a,b; Boekema et al., 2001). Disruption
of isiA in the freshwater species results in increased photoinhibi-
tion and reduced growth under iron starvation (Michel et al., 1996;
Park et al., 1999), suggesting it is an important component of the
iron deficiency response. Again, the relationship of freshwater IsiA
to that found in marine species has not yet been investigated.

How iron moves through the outer membrane is unknown,
although the Synechococcus genome is heavily enriched with genes
predicted to encode transporters (Palenik et al., 2003). Both a
coastal (PCC 7002) and open ocean (CCMP 1334/WH?7803)
species of Synechococcus can utilize a variety of siderophores
(Hutchins et al., 1999), although siderophore uptake genes have
not been identified in the WH8102 genome (Palenik et al,
2003). However, it was observed that the freshwater cyanobacteria
Synechocystis sp. PCC 6803 utilizes Fe(III)-siderophores through
reduction, and then presumably transport of Fe(Il) (Kranzler
et al,, 2011). Some coastal marine Synechococcus species produce
siderophores (Wilhelm and Trick, 1994; Ito and Alison, 2005), and
the genome of one of these, PCC 7002, contains genes related to
siderophore biosynthesis and uptake via putative TonB dependent
receptors (Hopkinson and Morel, 2009). However, siderophore
secretion has not been found in oligotrophic Synechococcus, and
siderophore synthesis and uptake genes have not been identified
in WH8102 (Palenik et al., 2003), nor in genomes from other open
ocean strains, including CCMP 1334/WH?7803 (Hopkinson and
Morel, 2009).

Further sequencing has revealed variation between genomes
of coastal and open ocean Synechococcus, perhaps represent-
ing environment-specific adaptations for metal homeostasis. The
open ocean is a more constant environment with lower nutri-
ent levels, while wind-driven nutrient upwellings and inputs from
land result in higher total iron concentrations in coastal environ-
ments (Ryther and Kramer, 1961). Appropriately, coastal species
have higher iron quotas (Sunda et al., 1991), and the genome of
the coastal species CC9311 was found to possess more genes for
iron-containing proteins than the open ocean WH8102 (Palenik
et al., 2006). Also unique to the coastal genome was feoA/B, pre-
dicted to encode putative Fe(II) transporters absent from WH8102
(Figure 2). This is of interest because it is proposed that bioavail-
able Fe(II) may be more abundant in the coastal ocean through
photochemical reactions with organic matter (Kuma et al., 1992).
In the CC9311 genome, feoA/B was located in islands of atypi-
cal trinucleotide composition, suggesting it was acquired through
horizontal gene transfer (Palenik et al., 2006). Further examination
of the genomes of several coastal Synechococcus species (WH5701,
RS9917, and CC9311) again found feoB, while it is absent from
Prochlorococcus genomes (Rivers et al., 2009).

The CC9311 genome also contains five copies of a bacterial
ferritin, including one in an island suggestive of horizontal gene
transfer (Palenik et al., 2006). Also present is dpsA (Palenik et al.,
2006; Figure 2), a divergent member of the bacterioferritin super-
family found in most marine Synechococcus genomes, and absent
from most Prochlorococcus genomes (Rivers et al., 2009). In bac-
teria and Archaea, dps genes are often expressed during periods

of oxidative stress, long term nutrient deficiency, and station-
ary growth phase. In freshwater S. elongates species, disruption
of dpsA results in death under iron starvation (Sen et al., 2000).
Although its function remains unclear, DpsA from freshwater
Synechococcus PCC 7942 contains heme and has weak catalase
activity in vitro (Pena and Bullerjahn, 1995), is localized to the
photosynthetic membranes (Durham and Bullerjahn, 2002), and
can bind chromosomal DNA in vitro (Pena et al., 1995).

DIAZOTROPHS

Nitrogen fixation by diazotrophs allows growth in nitrogen starved
waters; however this process is iron intensive, as the nitroge-
nase protein complex is composed of the iron-rich proteins NifH
(four iron atoms per homodimer) and NifDK (15 iron atoms
per homodimer; Rubio and Ludden, 2008). Biological nitro-
gen fixation in cyanobacteria is believed to have evolved in the
anoxic ocean where Fe(II) was soluble and thus more bioavailable
(Falkowski, 1997). Consequently, the scarcity of readily available
iron in the modern ocean limits nitrogen fixation (Berman-Frank
et al., 2001; Moore et al., 2009). At the same time, oxygenic
photosynthesis and nitrogen fixation must be separated due to
the extreme sensitivity of the nitrogenase Fe-S clusters to oxy-
gen (Fay, 1992). Thus, diazotrophs must balance nitrogen and
iron metabolism, both in terms of iron utilization, and the spa-
tial and temporal arrangement of these incompatible reactions.
Metagenomic analysis of oligotrophic seawater identified perhaps
the most extreme adaptation to this dilemma in the ostensible
absence of PSII genes from the genome of UCYN-A, an uncul-
tured nitrogen-fixing cyanobacteria (Zehr et al., 2008; Tripp et al.,
2010).

Trichodesmium
Trichodesmium is a nitrogen-fixing, filamentous, non-heterocystous
cyanobacteria. Abundant in tropical and subtropical surface
waters, Trichodesmium forms blooms thousands of kilometers
wide and completes more marine nitrogen fixation than any other
organism (Capone et al., 1997). However, the combination of
iron-rich photosynthetic complexes and nitrogenase results in
higher intracellular iron quotas for Trichodesmium than other
phytoplankton (Kustka et al., 2003a). Iron limitation in T. ery-
thraeum IMS101 results in decreased growth, filament length, and
chlorophyll levels, in addition to decreased nitrogen fixation and
photosynthetic efficiency (Shi et al., 2007; Kiipper et al., 2008).
Similar changes were seen in four other Trichodesmium species
(Chappell and Webb, 2010). A unique adaptation to this high iron
quota is found in puff colonies of Trichodesmium collected from
the Red Sea (although not in laboratory cultures), which actively
acquire desert dust and utilize the iron (Rubin et al.,2011). Striking
movies show that dust particles quickly move along the cell sur-
face of the trichome from the colony periphery to the core, where
dust and oxides are actively dissolved by an unknown mechanism.
As dust inputs are correlated with Trichodesmium abundance, the
ability to directly and efficiently utilize wind-blown desert dust
could fuel the giant blooms.

In the iron deficiency response, a “hierarchy of iron demand”
is proposed to exist in Trichodesmium, with mRNA associated
with nitrogen fixation being downregulated more quickly than
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photosynthesis genes (Shi et al., 2007). In terms of upregulation,
idiA and isiA expression were induced in response to iron starva-
tion (Webb et al.,, 2001; Kiipper et al., 2008), in addition to isiB
(flavodoxin) and feoB (Chappell and Webb, 2010). The genomes
of Trichodesmium species also contain multiple copies for the iron
uptake regulator fur,and genes for bacterial ferritin and dps (Chap-
pell and Webb, 2010). Additionally, the presence of TonB related
genes suggests that Trichodesmium may have the ability to actively
transport siderophores.

Crocosphaera watsonii
The unicellular diazotroph C. watsonii is found in the tropical and
subtropical open ocean. Intracellular iron levels change through-
out the day, increasing at night with the expression of nitrogenase
(Tuit et al., 2004). Analysis of the C. watsonii transcriptomes by
qPCR revealed a temporal pattern to iron demand, correlating
with increased expression of flavodoxin and the iron homeostasis
genes feoAB, and fur in the evening (Shi et al., 2009). This sug-
gests coordination with nitrogenase activity. Indeed, one feoAB
operon is found within the nifcluster. A similar increase in evening
expression of these iron-related genes is also seen in the unicellular
diazotrophic cyanobacteria Cyanothece (Stockel et al., 2008).
Absolute quantitation of the protein levels (using selected
reaction monitoring mass spectrometry with isotopically labeled
peptide standards) across the diel cycle found that the synthe-
sis of photosynthesis related proteins peaks in the day, and that
the proteins are degraded as evening approaches. Conversely, the
nitrogenase complex proteins are absent in the day and synthe-
sized at night (Saito et al., 2011). At the same time, bacterioferritin
protein levels cycle, with peaks matching both the maximum iron
utilization points for photosynthesis and nitrogen fixation. This
could suggest a role in handling the iron being transferred between
the two systems. Thus, it is proposed that by shifting iron from
photosynthesis in the day to nitrogen fixation at night, C. wat-
sonii minimizes its iron quota and creates temporal separation of
the two incompatible systems. Indeed, C. watsonii is predicted to
have half the cellular iron concentration (relative to carbon) as
Trichodesmium, which fixes nitrogen during the day (Kustka et al.,
2003b; Saito et al., 2011).

EUKARYOTES

As described above for cyanobacteria, metagenomic approaches
are uncovering a wealth of unknown marine eukaryotic phyto-
plankton species. In particular, alveolates and stramenopiles of
great diversity and novelty are detected in almost all metagenome
surveys (Massana and Pedrds-Ali6, 2008). Community interac-
tions may also be relevant to iron homeostasis. For example, a
potential alga—bacteria mutualism in iron uptake between the
dinoflagellate Scrippsiella trochoidea and Marinobacter could be
representative of a more common iron uptake strategy among
other phytoplankton (Amin et al.,, 2009). At the other end of
the size spectrum, iron-rich whale feces also appears to serve as
an important source of iron for phytoplankton in the Southern
Ocean (Lavery et al., 2010). Additionally, the role of zooplank-
ton grazing during iron fertilization experiments is of particular
interest (Figure 1), as it may prevent the long term sequestration
of carbon on the seafloor by diatoms (Bishop and Wood, 2009;

Mazzocchi et al., 2009). The haptophyte Phaeocystis also appears
to play an important role in blooms from polar iron fertiliza-
tion experiments (Pollard et al., 2009). However, relatively little is
known about the physiologies of many of these organisms, and
the genome sequences of most of them are not yet available.

Most progress to date has been made in understanding the
genetic underpinnings of iron homeostasis in green algae and
diatoms. Significantly, genome and transcriptome data, combined
with the development of stable transformants to overexpress and
knockdown genes in diatoms (Poulsen and Kroger, 2005; Siaut
et al., 2007; De Riso et al., 2009) and the green alga Ostreococcus
tauri (Corellou et al., 2009) will likely accelerate our understand-
ing of iron homeostasis in eukaryotic phytoplankton through
functional genetics.

OSTREOCOCCUS
Ostreococcus are marine green algae belonging to the prasino-
phytes, and are described as the smallest free-living eukaryotes.
Ostreococcus species possess very small, dense nuclear genomes of
12.5-13.0 Mbp. For comparison, the diatom Phaeodactylum tricor-
nutum genome is 27.4 Mbp, and the Chlamydomonas reinhardtii
genome is 120 Mbp. The two species of Ostreococcus that have
been sequenced are from contrasting environments: O. lucimar-
inus from the open coastal waters of the Pacific Ocean (Worden
et al.,, 2004); and O. tauri from a more nutrient-replete oyster
production lagoon on the Mediterranean coast of France. Trans-
portDB (www.membranetransport.org) predicts the presence of
genes for divalent metal transporters ZIP and NRAMP (Ren et al,,
2006; Table 1; Figure 3). Genes with similarity to prokaryotic
siderophore uptake are present, and O. lucimarinus has genes that
could represent a siderophore biosynthesis pathway (Palenik et al.,
2007). Much like other marine phytoplankton, the iron quota is
minimized: iron-free plastocyanin substitutes for cytochrome cg;
flavodoxin is present; and Ni-SOD, Cu/Zn-SOD, and Mn-SODs
appear to replace Fe—SOD (Palenik et al., 2007). Transcript levels
of ferritin and a ferredoxin family protein in O. tauri are clock reg-
ulated, both peaking at dusk (Monnier et al., 2010). It would thus
be worthwhile to investigate the relationship between free iron and
the recently identified O. tauri redox clock (O'Neill et al., 2011).
There are species-specific differences in the repertoire of iron
homeostasis genes, although it is unclear how these relate to the
different nutrient profiles of their respective environments. The O.
tauri genome has genes that could encode a multi-copper oxidase
and two putative ferric reductases lacking in O. lucimarinus, while
O. lucimarinus has two copies of ferritin genes and O. tauri has
only one (Palenik et al., 2007; Jancek et al., 2008).

MARINE DIATOMS

Diatoms, which carry out nearly 20% of photosynthesis on earth
(Tréguer et al., 1995), are often found in the most iron limited
regions of the ocean (Moore et al., 2001). Iron fertilization exper-
iments often result in blooms dominated by diatoms, suggesting
diatoms have adaptations that allow survival in iron limited waters
and a subsequent rapid multiplication when iron becomes avail-
able. The recent metatranscriptomic analysis of iron fertilization
bottle experiments found that diatoms possess a unique transcrip-
tional response to the sudden appearance of iron (Marchetti et al.,
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FIGURE 3 | Potential iron homeostasis systems in marine diatoms,
as predicted by genomic analyses. Iron-regulated ferric reductase
genes have been identified in T pseudonana and R tricornutum. These
could reduce Fe(lll) and Fe bound by siderophores (Fe-S), as could
photoreduction (hv). Fe(ll) could then enter the cytoplasm through
iron-regulated transporters: ZIP in P tricornutum, and NRAMP in T
pseudonana (although if TONRAMP is localized to the tonoplast, it could

also serve to release iron from the vacuole during iron starvation). In
T pseudonana, extracellular Fe(ll) could also be reoxidized and
transported through a yeast-like Fe(lll) uptake system, utilizing the
iron-regulated multi-copper ferroxidase (TpFET3) and Fe(lll) permeases
(ToFTR1 and TpFTR2). If ferritin is present (it is present in some
pennate diatom genomes, but not in T pseudonana), it can store iron,
likely in the plastid.

2012). While other phytoplankton in the community increase
gene expression for a broad array of iron—proteins like ferre-
doxin, cytochrome c¢g, and Fe—SOD, diatoms appear to prioritize
expression of genes related to photosynthesis and nitrate uptake,
reduction, and assimilation. Ostensibly, this strategy allows rapid
diatom growth and bloom domination.

Representatives of the pennate and centric diatom lineages,
Thalassiosira pseudonana and P. tricornutum, respectively, have
been sequenced, and extensive molecular biology tools have been
developed. Additionally, the publication of the polar pennate
diatom Fragilariopsis cylindrus genome is imminent, and the
bloom-forming pennate Pseudo-nitzschia multiseries is currently
being sequenced. Despite these resources, predicting how diatom
iron homeostasis systems function is complicated by the preva-
lence of unique genes of unknown function and by horizontal
gene transfer. Currently, less than 50% of diatom genes have a
putative function (Bowler et al., 2008; Maheswari et al., 2010),
and the nuclear genome of P. tricornutum contains at least 587
genes predicted to be of bacterial origin (of which, around 60%
are shared with T. pseudonana; Bowler et al., 2008).

Thalassiosira pseudonana

Thalassiosira pseudonana was the first eukaryotic marine phyto-
plankton sequenced. T. pseudonana has a small genome and has
served as a model for marine centric diatom physiology experi-
ments. T. pseudonana is often described as a marine coastal diatom,
although recent phylogenetic analysis suggests T. pseudonana is

more closely related to the freshwater and marine diatom genus
Cyclotella (Alverson et al., 2011). Consequently, it was postulated
that T. pseudonana may be a freshwater diatom that is adapted to
salinity, rather than a marine Thalassiosira species (Alverson et al.,
2011).

Iron limitation of T. pseudonana results in:

e Decreased growth (Sunda and Huntsman, 1995) and photosyn-
thetic efficiency (Bidle and Bender, 2007).

e Increased cell aggregation and silica deposition on the cell wall
(Mock et al., 2008), with the relative proportion of iron in the
cell wall increasing (Ellwood and Hunter, 2000).

e Increased oxidative stress and caspase activity, ultimately result-
ing in programmed cell death (Bidle and Bender, 2007; Thama-
trakoln et al., 2011).

The sequencing of T. pseudonana revealed possible components of
ayeast-like Fe(III) uptake system, including a multi-copper ferrox-
idase (TpFET3) and two iron permeases (TpFTRI and TpFTR2;
Table 1; Figure 3; Armbrust et al., 2004). Additionally, there are
at least two putative ferric reductases (TpFREI and TpFRE2) and
a putative divalent metal transporter (TpNRAMP), which could
suggest a second, reduction-based uptake system, similar to those
in Arabidopsis and humans. A similar combination of systems has
been predicted to exist in C. reinhardtii (Merchant et al., 2006).
Transcript levels of FREI, FTRI, FTR2, and NRAMP increase
in response to iron limitation (Kustka et al., 2007), as does the
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transcript for flavodoxin, and those of several genes associated
with oxidative stress and programmed cell death (Thamatrakoln
et al., 2011). The upregulation of the ferric reductases is of addi-
tional interest, as T. pseudonana, T. weissflogii, and T. oceanica can
utilize iron—siderophores via reduction (Hutchins et al., 1999; Mal-
donado and Price, 2001; Shaked et al., 2005). Finally, microarray
analysis found that more than a third of iron-regulated genes were
genes of unknown function and hypothetical proteins (Thama-
trakoln et al., 2011), suggesting the existence of novel adapta-
tions to iron starvation. Of the genes upregulated in response to
iron limitation, 84 were also upregulated under silicon limitation,
providing further evidence that the iron and silicon starvation
pathways are interconnected, particularly at the point of cell wall
synthesis (Mock et al., 2008). It was thus proposed that iron is
incorporated with silicon into the cell wall, or that iron—proteins
could play a role in cell wall deposition (Mock et al., 2008). X-ray
fluorescence tomography of the diatom Cyclotella meneghiniana
revealed distinct iron bands girding the frustules, supporting the
idea that iron has a specialized function in the cell wall (de Jonge
etal.,2010). Unfortunately, it is difficult to draw conclusions for T.
pseudonana from this interesting result, as the sample tested was a
desiccated, freshwater diatom.

Thalassiosira oceanica

Relative to other Thalassiosira species, the open ocean species
T. oceanica is more adapted to iron limitation, growing faster
under these conditions than the coastal species T. pseudonana
(Sunda et al., 1991; Maldonado and Price, 1996) and T. weiss-
flogii (Strzepek and Harrison, 2004). Biochemical measurements
found that a novel photosynthetic architecture minimizes the iron
quota of T. oceanica, decreasing the concentrations of the iron-
rich PSI (12 iron atoms) and cytochrome bgf complexes (six iron
atoms) by fivefold and sevenfold, respectively (Strzepek and Har-
rison, 2004). Additionally, the cytochrome ¢¢ complex (one iron
atom) is replaced by the copper-protein plastocyanin — a protein
not found in T. weissflogii nor T. pseudonana (Peers and Price,
2006; Table 1). While photosynthetic efficiency of T. oceanica is
not altered under normal light conditions, under high light it is
more susceptible to photoinhibition and photosynthesis becomes
nearly half as efficient as in T. weissflogii. The utilization of plasto-
cyanin makes T. oceanica much more sensitive to copper limitation
than T. weissflogii (Peers and Price, 2006). Thus, it is proposed that
these adaptations to its low iron environment impair adjustment
to rapid fluctuations in light intensity and copper limitation —
environmental characteristics less common in the open ocean.
Further adaptations to iron starvation likely exist in T. oceanica,
because during iron limitation it is estimated that 100% of cellular
iron is utilized by the electron transport carriers of photosynthe-
sis, compared to only 50% in T. weissflogii (Strzepek and Harrison,
2004). The fate of the mitochondrial electron transport chain and
other iron-containing proteins in iron-starved T. oceanica is worth
investigating.

Finally, sequencing of the T. oceanica chloroplast genome
revealed that the ferredoxin gene (petF) appears to have been
transferred from the chloroplast genome to the nuclear genome
(Lommer et al., 2010). Because the ferredoxin gene remains in
the T. pseudonana and T. weissflogii chloroplast genomes, it is
proposed that this change could alter regulation of ferredoxin

expression under iron limitation, presumably contributing to
the observed tolerance to iron limitation (Lommer et al., 2010);
although under iron limitation the ratio of ferredoxin to flavo-
doxin in T. oceanica is not significantly lower than in T. weissflogii
(Strzepek and Harrison, 2004).

Phaeodactylum tricornutum

Phaeodactylum tricornutum can grow at iron levels 50 times lower
than T. pseudonana (Kustka et al., 2007). P. tricornutum appears to
use a fundamentally different iron uptake system than T. pseudo-
nana, raising the possibility that it could be more effective at iron
uptake under limiting conditions. The ferroxidase and iron per-
meases indicative of a yeast-like system in T. pseudonana have not
been identified in the P. tricornutum genome (Kustka et al., 2007;
Bowler etal., 2008). Examination of genes upregulated in response
to iron starvation using expressed sequenced tags revealed two fer-
ric reductases, PtFRE] and PtFRE2(Allen et al., 2008; Figure 3).
The predicted PtFRE2 protein appears highly similar to the root
epidermal ferric reductase required for iron uptake in Arabidopsis,
AtFRO2 (Robinson et al., 1999; Bowler et al., 2008). Also highly
upregulated is a putative ZIP family transporter that could serve
to transport Fe(II) (Allen et al., 2008), as AtIRT1 does in Arabidop-
sis (Palmer and Guerinot, 2009). Finally, the presence of PtFBP,
a gene orthologous to the bacterial ferrichrome binding pro-
tein FhuD, raises the possibility of iron—siderophore utilization,
perhaps through the scavenging of cyanobacteria siderophores.
FRE and FBP may thus play a role in the ability of P. tri-
cornutum to utilize iron-siderophore complexes, both through
reduction (Figure 3) and the apparent uptake of intact complexes
(Soria-Dengg and Horstmann, 1995).

At the same time, iron limitation results in a decrease in tran-
scripts associated with iron intensive processes like photosynthesis,
mitochondrial electron transport, and nitrate assimilation (Allen
etal., 2008). At the protein level, the ratio of PSII to PSI increases,
cytochrome bgfand cytochrome c¢ proteins decrease (Allen et al.,
2008), and the activity of the iron-rich mitochondrial electron
chain decreases (Kudo et al., 2000). The upregulation of transcript
encoding the mitochondrial alternative oxidase (AOX) in response
to iron limitation is proposed to mitigate the ROS presumably
generated by iron-compromised electron transport chains (Allen
etal.,2008). About 32% of genes regulated by iron in P. tricornutum
have no orthologin T. pseudonana, and iron starvation upregulates
expression of several unique gene clusters in P. fricornutum (Allen
etal.,2008). Of these genes, all but FRE2 are present in P. tricornu-
tum but not T. pseudonana, and many are of unknown function.
Indeed, the most highly expressed transcript under iron limitation,
ISIP1, encodes a predicted protein of unknown function found in
metatranscriptomic samples from iron limited waters (Marchetti
et al., 2012), and with no ortholog in T. pseudonana (Allen et al.,
2008). And like T. pseudonana, there is a subset of silicon starva-
tion regulated genes that are also regulated by iron (38 out of 223
Si-sensitive genes), although there is no apparent overlap between
the P. tricornutum and T. pseudonana subsets (Sapriel et al., 2009).

Pseudo-nitzschia spp.

Pseudo-nitzschia is a ubiquitous genus of pennate diatom,
frequently dominating blooms in iron addition experiments
(Hutchins and Bruland, 1998; de Baar, 2005; Trick et al., 2010).
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Among Pseudo-nitzschia species, the oceanic P. granii is more
tolerant of iron limitation than the coastal species P. multiseries
(Marchetti et al., 2009). P. granii is also more tolerant to iron
starvation than T. oceanica, presumably because P. granii utilizes
ferritin (Figure 3) to store iron during times of iron availability.
Ferritin has not been detected in T. oceanica (Marchetti et al.,
2009) and is absent from the T. pseudonana genome (Armbrust
et al., 2004).

In addition to the utilization of ferritin, Pseudo-nitzschia is of
interest because it is a eukaryotic marine phytoplankton which
secretes the phytosiderophore-like compound domoic acid (DA),
which is also a neurotoxin, and is causative of wildlife death and
amnesic shellfish poisoning in humans. DA binds iron and cop-
per (Rue and Bruland, 2001), and is structurally similar to the
plant siderophore mugineic acid, which is secreted into soil by
graminaceous plants. Because of its similarity to mugineic acid,
it is proposed that DA could facilitate the extraction of iron from
terrestrial sediments found in coastal waters (Rue and Bruland,
2001). The addition of exogenous DA to natural seawater samples
increases iron uptake and growth of Pseudo-nitzschia (Maldon-
ado et al,, 2002; Wells et al., 2005), suggesting it is part of a
Pseudo-nitzschia specific iron uptake system.

Domoic acid production has been observed to be induced
by both metal availability and limitation: elevated copper (Rue
and Bruland, 2001), copper limitation (Wells et al., 2005), iron
limitation (Rue and Bruland, 2001), and iron fertilization (Sil-
ver et al., 20105 Trick et al., 2010). This suggests DA plays a role
in both metal uptake during rapidly growing blooms and sur-
vival during limitation. DA binds iron with a low affinity, but
the concentrations of DA in naturally occurring blooms are pre-
dicted to be sufficient to facilitate iron uptake (Rue and Bruland,
2001). The ability to monopolize iron availability via a species-
specific phytosiderophore could thus explain the dominance of
Pseudo-nitzschia in blooms.

CONCLUSION AND QUESTIONS FOR FUTURE RESEARCH
Other marine phytoplankton species have been sequenced (e.g.,
Emiliania huxleyi, F. cylindrus), and ever more will be. Presum-
ably, transcriptome level analysis similar to those described above
will be performed to determine which genes play a role in iron
homeostasis. Additionally, metagenomic transcriptional analysis
could be further applied to both classical bottle enrichment exper-
iments (Marchetti et al., 2012), and large-scale iron fertilization
experiments to elucidate the expression changes that underlie iron
utilization during bloom formation.
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A more daunting gap in our understanding of iron homeostasis
is the abundance of genes of unknown function. These are often
species-specific, and found to comprise large portions of the ever
growing number of genomic and metagenomic data sets. This is
further complicated by the inability to cultivate and genetically
transform many of the new species that metagenomic surveys are
uncovering (e.g., UCYN-A, with its apparent lack of PSII genes;
Zehr et al.,2008). Additionally, the absence of canonical genes does
not necessarily prove the absence of a pathway, as was recently
demonstrated in freshwater cyanobacteria. Since the late 1960s,
cyanobacteria were believed to lack a complete TCA cycle, as the 2-
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model organisms is required to establish even the most basic mech-
anisms for iron transport in marine phytoplankton, while genetic
screening (e.g., mutagenesis, expression of gene libraries derived
from marine microorganisms in heterologous systems, etc.) could
be utilized to identify novel iron homeostasis systems that have
evolved in iron limited ocean environments.
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INTRODUCTION

Iron (Fe) is an essential micronutrient for many processes in all living cells. Dissolved Fe
(dFe) concentrations in the ocean are of the order of a few nM, and Fe is often a fac-
tor limiting primary production. Bioavailability of Fe in aquatic environments is believed
to be primarily controlled through chelation by Fe-binding ligands. Marine microbes have
evolved different mechanisms to cope with the scarcity of bioavailable dFe. Gradients in
dFe concentrations and diversity of the Fe-ligand pool from coastal to open ocean waters
have presumably imposed selection pressures that should be reflected in the genomes
of microbial communities inhabiting the pelagic realm. We applied a hidden Markov model
(HMM)-based search for proteins related to cellular iron metabolism, and in particular those
involved in Fe uptake mechanisms in 164 microbial genomes belonging to diverse taxa and
occupying different aquatic niches. A multivariate statistical approach demonstrated that
in phototrophic organisms, there is a clear influence of the ecological niche on the diver
sity of Fe uptake systems. Extending the analyses to the metagenome database from the
Global Ocean Sampling expedition, we demonstrated that the Fe uptake and homeostasis
mechanisms differed significantly across marine niches defined by temperatures and dFe
concentrations, and that this difference was linked to the distribution of microbial taxa in
these niches. Using the dN/dS ratios (which signify the rate of non-synonymous mutations)
of the nucleotide sequences, we identified that genes encoding for TonB, Ferritin, Ferric
reductase, IdiA, ZupT, and FeZt transport proteins FeoA and FeoB were evolving at a faster
rate (positive selection pressure) while genes encoding ferrisiderophore, heme and Vita-
min B12 uptake systems, siderophore biosynthesis, and IsiA and IsiB were under purifying
selection pressure (evolving slowly).

Keywords: marine microbes, eukaryotic phytoplankton, Fe limitation, Fe- binding ligands, multivariate statistics,
metagenomes, dN/dS ratio, aquatic niches

microorganisms have developed systems to take up Fe from a

Iron-containing metalloenzymes are essential for many life
processes, including photosynthesis, respiration, and nitrogen fix-
ation. Due to the tendency of Fe>" to form ferric hydroxides and
oxyhydroxide polymers in the presence of oxygen, the dFe con-
centration in surface seawater is <0.5nM (Johnson et al., 1997).
Aeolian dust deposition is the dominant external source of iron
in the open ocean surface waters (Duce and Tindale, 1991; Jickells
etal., 2005) of the North Atlantic and North-East Pacific account-
ing for 48 and 22% of total Fe deposition respectively (Gao et al,,
2001). In around 40% of the world’s oceans where surface waters
are high in nutrient and low in chlorophyll (HNLC regions), low
Fe supply limits the growth of resident eukaryotic phytoplankton
and cyanobacteria responsible for primary production (Martin
et al., 1994; Coale et al., 1996; Boyd et al., 2000; Gall et al., 2001;
Tsuda et al., 2003; de Baar et al., 2005).

Diverse strategies have evolved to competitively acquire enough
iron for survival in various oceanic habitats. This competition is
intensified by the fact that >99.9% of dFe is complexed to Fe-
binding ligands of diverse nature (Gledhill and van den Berg,
1994; Rue and Bruland, 1995; Gledhill and Buck, 2012). Thus,

wide range of Fe-binding ligands. Although ubiquitous in nature,
Fe-binding ligands vary in their Fe-binding affinities and their
distribution from surface to deep waters (Rue and Bruland, 1995;
Hunter and Boyd, 2007) and from coastal to open ocean waters
(Boye et al., 2003; Buck and Bruland, 2007).

The ability to produce siderophores in the open ocean is appar-
ently, largely confined to heterotrophic bacteria (Reid et al., 1993;
Martinez et al., 2000; Butler, 2005; Martinez and Butler, 2007;
Homann et al., 2009a,b). While siderophore biosynthesis pathways
have been found in some coastal (Ito and Butler, 2005) or fresh
water (Ito et al., 2004) cyanobacteria, they appear to be absent
in open ocean cyanobacteria. Coastal strains of Synechococcus
that have been reported to produce siderophores (Ito and Butler,
2005) have high Fe-quotas compared to oceanic strains (Palenik
et al.,, 2006). Even though only a few marine microorganisms
can synthesize siderophores, the ability to take up siderophores
may be more widespread, as evidenced by the abundance of
TonB-dependent (TBD) siderophore uptake systems observed in
terrestrial and freshwater microorganisms devoid of siderophore
synthesis pathways (Plessner et al., 1993; Katoh et al., 2001; Poole
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and McKay, 2003; Joshi et al., 2008). Additionally, various heme-
acquisition systems have been identified in bacteria for the utiliza-
tion of Fe bound to heme (Stojiljkovic and Hantke, 1994; Cope
et al., 1995; Thompson et al., 1999; Ochsner et al., 2000; Hop-
kinson et al., 2008). Notably, siderophore biosynthesis and TBD
siderophore/heme uptake receptors are absent from the genomes
of Prochlorococcus and strains of Synechococcus that dominate the
microbial communities of open ocean surface waters (Waterbury
et al., 1979; Liu et al., 1997, 1999; Hopkinson and Morel, 2009).
The reduction of cellular Fe requirements provides an alternate
adaptive strategy for surviving Fe limitation in open ocean surface
waters. This strategy has been observed in the Prochlorococcus eco-
types (Thompson et al., 2011) dominant in HNLC waters, which
have decreased their Fe-quotas by eliminating several Fe-requiring
proteins (Rusch et al., 2010).

The availability of a large number of marine prokaryotic and
eukaryotic microbial genomes and the Global Ocean Sampling
(GOS) metagenomes, have greatly enhanced our understanding of
the Fe-acquisition strategies used by various groups of microor-
ganisms. Recent studies by Hopkinson and Barbeau (2012) and
Toulza et al. (2012) presented sequence-based approaches to ana-
lyze the differences in occurrence patterns of proteins involved in
Fe-metabolism in marine prokaryotic genomes and metagenomes,
respectively. Hopkinson and Barbeau (2012) reported a domi-
nance of TBD uptake systems in Gammaproteobacteria, and iden-
tified a novel heme TBDT in Prochlorococcus which may have
been acquired by horizontal gene transfer, providing niche spe-
cific adaptation in this organism. Their study further revealed the
widespread occurrence of Fe’* ABC transporters in all groups
of marine bacteria except for Flavobacteria, and a lack of the
specific Fe?t uptake system (FeoAB) in picocyanobacteria and
Alphaproteobacteria. They identified that the TBDTs were less
common in the metagenomes than in the genomes, an observa-
tion that reflects the numerical dominance of Pelagibacter and
Prochlorococcus (Rusch et al., 2007) in the current collection of
GOS metagenomes. Both genera have small genomes and non-
specialized iron uptake systems (Smith et al., 2010; Thompson
et al,, 2011). A more detailed analysis of the Fe-metabolism pro-
teins in the GOS metagenomes revealed a distribution pattern
influenced by dFe concentrations (Toulza et al., 2012). The fre-
quencies of occurrence of Fe’* transporters and of Fe?t uptake
systems were negatively correlated with each other, the former
being more abundant in the open ocean environments and the
latter in the coastal environments, respectively. The taxonomic
diversity and Fe-pathway prevalence differed significantly with
habitat or niche type (Open Ocean or Coastal). However the
GOS samples are distributed along a wide range of latitudes pos-
sibly confounding the effect of temperature, which varies widely
within both Open Ocean and Coastal niches. In addition, prior
studies did not directly investigate the exact nature of the link
between taxonomic diversity and Fe-pathway prevalence within
the metagenomes.

Here, we build on the results presented in the studies of Hop-
kinson and Barbeau (2012) and Toulza et al. (2012), by extending
the analyses to marine eukaryotic genomes of phytoplankton.
We established a link between the Fe-metabolism profiles and
taxonomic diversity prevalent in the metagenomes by comparing

the Fe-metabolism protein occurrence profiles (Table 1) from
the genomes of various taxa and those obtained from vari-
ous aquatic niches defined by environmental characterization of
metagenomes. Marine prokaryotic and eukaryotic microorgan-
isms were grouped according to their location of isolation (Open
Ocean, Coastal, or Freshwater) to check for niche specific adap-
tations reflected in their genomes. The GOS metagenomes were
subjected to a more complex grouping in order to account for
differences in Fe-metabolism protein profiles of the microbial
community, which could be attributed to temperature, dFe con-
centration, or a coastal versus Open Ocean sampling location.
Thus, we defined three contrasting niche group pairs in the GOS
metagenomes such that the groups of samples in a pair differed
with respect to only one of the above environmental factors. A
multivariate statistical approach was used to study the differential
distribution of Fe-metabolism protein profiles in genomes and in
the above GOS metagenomic groupings to establish whether the
Fe-metabolism strategies were correlated with the taxonomic dis-
tribution in the GOS metagenomes. We found a set of proteins that
were statistically discriminating between the aquatic niches. Cal-
culations of the non-synonymous mutation rates (dN/dS) for this
set of proteins indicated that they were under positive selection
pressure and therefore were evolving rapidly.

MATERIALS AND METHODS

HIDDEN MARKOV MODEL-MODE PROFILES OF IRON METABOLISM
GENES

The set of non-redundant (Uniref 100) protein sequences for
the genes listed in Table 1 were downloaded from Uniprot and
HMM-ModE profiles were created as described earlier (Srivastava
etal.,2007). The HMM-ModE protocol allows the construction of
HMM profiles with increased specificity by using negative training
sequences.

The training sequences for each protein were first clustered
using the Markov Clustering Algorithm (MCL) (Enright et al,,
2002). For each subgroup of each protein, the training sequences
were aligned with MUSCLE (Edgar, 2004) and HMMs were
generated using hmmbuild from the HMMER?2 package (Eddy,
1998). The discrimination threshold of each protein HMM was
optimized by an n-fold cross-validation exercise. The training
sequences for each were divided into n test sets such that each
sequence is part of at least one test set. For each test set t, the
remaining (#-1) sets were combined to form the train set and used
to build an HMM. The sequences in  were scored using this HMM
by hmmsearch program to get a True Positive (TP) score distribu-
tion. False positives (FP) were identified from the negative training
set (in this case the entire UniProt database excluding the training
sequences for the gene in question). The sensitivity, specificity, and
Matthews Correlation Coefficient (MCC) distribution for each of
n sets was calculated (Hannenhalli and Russell, 2000). The opti-
mal discrimination threshold was identified as the mid-point of
the MCC distribution averaged over the n sets. Further increase in
specificity was obtained by modifying the emission probabilities
of the gene HMM by using the FP alignment as described earlier
(Srivastava et al., 2007).

These HMM-ModE profiles with their optimized threshold
were used with the program hmmsearch to scan the protein
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Table 1| List of proteins involved in Fe-ligand (siderophore and heme) uptake, siderophore, and heme biosynthesis and Fe homeostasis in

microorganisms.

Reference

System Abbreviation Genetic nomenclature

Heme direct uptake Heme-Upt PhuRSTUVW (Pseudomonas aeruginosa),
HemRSTUV (Yersinia enterocolitica), HUtABCD,
HutR (Vibrio cholerae), BhuRSTUV (Bordetella
pertussis), HMuRSTUV (Y. pestis)

Hemophore-mediated heme uptake HasRADEF (Pseudomonas aeruginosa)

Heme uptake through bipartite HpuAB (Neisseria sp.)

receptors

Hydroxamate siderophore uptake Hydrox FhuABCD (ferrichrome), FhuE (rhodotorulic acid),
|utA (aerobactin) and FoxA (ferrioxamine B) in E.
coli K-12, FcuA (ferrichrome) in Yersinia
enterocolitica, FegAB in Bradyrhizobium japonicum
61A152, RhtAX (rhizobactin) in Sinorhizobium
meliloti, PupA and PupB pseudobactin receptors in
Pseudomonas putida

Catecholate siderophore uptake Catech FepABCD for enterobactin, BtuBFCD for vitamin
B12 and colicin receptor CirA in E. coli, pesticin
receptor FyuA in Yersinia enterocolitica, PfeA for
ferric-enterobactin in Pseudomonas, vibriobactin
receptor ViuA and enterobactin receptor IrgA in
Vibrio cholera

Citrate siderophore uptake Citrate FecABCD (citrate) in Escherichia coli

Ferric binding periplasmic protein Fe3+ IdiA, HitABC, FbpA

dependent Fe3+ transporters

Fe2+ uptake or uptake of divalent Fe2+ FeoAB, ZupT, MgtE, FTR1

cations

Energy coupling for TonB-dependent  Ener Coup TonB/ExbB/ExbD

(TBD) ligand uptake

Non-ribosomal peptide synthetase NRPS NRPS

NRPS independent siderophore NIS lucA, lucC - aerobactin; RhbB, RhbDF - rhizobactin;

synthesis DesB, DesD - Desferrioxamine

Heme/chlorophyll biosynthesis Hem-Syn HemBCEF

Heme oxygenase Hem-Oxy HemO, HemS, HmuS, HO1, HMuO

Regulatory elements Regul Fur, DtxR, Rir

Ferritin-like Fe storage FeStor Ferritin-dps, BfrAB

Fe-stress induced homeostasis IsiA IsiA

genes

Flavodoxin IsiB IsiB

Ferric reductase Fe-Red Ferric reductase

Stojiljkovic and Hantke (1994), Thompson
et al. (1999), Ochsner et al. (2000), Mey and
Payne (2001), Vanderpool and Armstrong
(2003)

Lewis et al. (1997), Ochsner et al. (2000)
Lewis et al. (1997)

Fecker and Braun (1983), Koebnik et al.
(1993b), Koster et al. (1995), Lynch et al.
(2001), Braun (2003), Benson et al. (2005)

Worsham and Konisky (1985), Butterton
et al. (1992), Rakin et al. (1994), Cadieux
et al. (2002), Braun (2003), Cornelis and
Bodilis (2009)

Braun (2003)

Sanders et al. (1994), Adhikari et al. (1995),
Ferreiros et al. (1999), Webb et al. (2001)
Kammler et al. (1993), Guerinot (2000),
Grass et al. (2005)

Koebnik et al. (1993a)

Jeanjean et al. (2008)
Challis (2005)

Mochizuki et al. (2010)

Thompson et al. (1999)

Wexler et al. (2003), Johnston et al. (2007)
Andrews (1998)

Burnap et al. (1993)

LaRoche et al. (1996)
Kosman (2003)

sequences from the marine microbial genomes as well as from
the GOS metagenomes. All the above steps were performed using
customized Perl scripts that are available for download from
https://sites.google.com/site/dhwanidesai/home/bioinformatics.

OBTAINING THE COMPLETE GENOME SEQUENCES OF MARINE
MICROBES

Complete genome sequences of marine microbes whose sequenc-
ing projects were commissioned by the Gordon and Betty
Moore Foundation under their Marine Microbiology Initiative!
were downloaded from NCBI in the form of protein FASTA

Uhttp://www.moore.org/microgenome/

files. Complete genomes of six eukaryotic marine microorgan-
isms including diatoms (Thalassiosira pseudonana, T. oceanica,
and Phaeodactylum tricornutum), a pelagophyte (Aureococcus
anophagefferens), green algae (Ostreococcus lucimarinus and Ostre-
ococcus tauri), and a prymnesiophyte (Emiliania huxleyii) were
also downloaded from NCBI as FASTA files of protein sequences.
We also analyzed 12 Freshwater microbial genomes mentioned in
(Hopkinson and Morel, 2009) making a total of 164 genomes.

OBTAINING THE METAGENOME SEQUENCES

The GOS metagenomic sequences and the corresponding meta-
data were downloaded from the CAMERA portal (Seshadri et al.,
2007). The nucleotide sequences were translated in all six frames
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and all translations with a length less than 25 amino acids were
discarded. Since there was a large variation in the number of
sequences in each sample, we used the Daisychopper? strategy
to randomly select an equal number of sequences from all the
samples. From the 44 GOS samples, we selected 30 samples that
were obtained from a 0.1-0.8 um filter and were classified as
“Open Ocean” or “Coastal” (Table S2 in Supplementary Material).
The sample GS07, from the Northern Gulf of Maine (43.63°N,
66.84°W), had the least number of sequences (50980). Hence,
50980 sequences were randomly selected from each of the other
samples for the hmmsearch. The taxonomic profiles for these

samples were downloaded from the MG-RAST server.

STATISTICAL ANALYSIS
The results of the hmmsearch program were parsed and tabulated
as m X nmatrix (m genomes or metagenomes in rows X n genes in
columns). This matrix was used for making the non-parametric
multidimensional scaling (NMDS) plots using the Primer-E v6
software (Clarke, 2006). Discarding gene columns which did not
have any hits in any of the genomes, we obtained a 164 x 85 matrix.
For the metagenomic samples, an environmental matrix was also
created using the metadata provided in CAMERA for the GOS
samples. Apart from the geographical coordinates of the samples,
the environmental matrix contained “sample depth,” “water col-
umn depth,” “temperature,” and “dFe deposition” as variables. The
dissolved iron concentration at the surface for the sample coordi-
nates was obtained from the PELAGOS model simulation (Vichi
et al., 2007a,b; data kindly provided by Dr. Marcello Vichi). We
used the yearly mean concentration of dissolved iron, averaged
over the entire period of simulation, i.e., from 1980 to 2002.
Analysis of Similarities (ANOSIM) test for statistically signif-
icant differences between prior groupings of the samples made
according to taxonomy or location and the Similarity Percentages
(SIMPER) analysis comparing relative abundances of genes in the
said prior groupings to identify discriminating genes were carried
out using Primer-E. Principal Components Analysis (PCA) of the
GOS samples using the environmental matrix (Tables S1 and S2
in Supplementary Material) was also performed using Primer-E.
Following is a brief description of the non-parametric statistical
methods implemented in Primer-E (Clarke, 1993) that we have
used here.

Data transformations

Whereas the abundance matrices were log-transformed, for the
environmental matrix, the variables were individually trans-
formed to reduce the collinearity as much as possible. So,
Latitude and Longitude were square-root transformed, “Water
column depth” was log-transformed and “dFe deposition” was
exponential-transformed.

Bray—Curtis similarity

The first step in the analysis of multivariate data was the calcula-
tion of a similarity measure between the samples. The similarities
between all pairs of samples (the similarity matrix) were then used

Zhttp://www.genomics.ceh.ac.uk/GeneSwytch/Tools.html
3http://metagenomics.anl.gov/

for a number of analyses. The Bray—Curtis similarity coefficient is
the most common measure for comparing ecological samples with
species abundance data. The Bray—Curtis measure is independent
of scale of measurements (counts, biomass etc.) and joint absences
of variables in a pair of samples have no effect on the similarity
between them. For two samples j and k the Bray—Curtis similarity
is described by

b 2 min(yy, yi)
S i+ i)

Sjk = 100 (1)

where yj; and yji are the abundance of the ith variable in the jth
sample and kth sample respectively and p is the total number of
variables. The Bray—Curtis dissimilarity is then simply represented
as 100 — Sj.

Non-metric multidimensional scaling

Ordination plots visually display the similarity between ecological
samples by mapping the high-dimensional community struc-
ture to two or three dimensions such that the physical distance
between samples on the plot reflects the similarity between their
communities.

In an NMDS ordination plot, the distances between the sam-
ples (in this case genomes or metagenomes) are first calculated
using complete profiles of occurrence of the variables (in our case
the iron metabolism genes). The sample objects are then placed
randomly in a 2-d space and the Euclidean or physical distance
between the objects in 2-d is calculated. This distance matrix
is then non-parametrically regressed on to the original distance
matrix to calculate a stress value (goodness-of-fit of the regression)
that gives an indication of the best fit between the two matrices.
The samples are then iteratively rearranged such that the stress
value is minimized. The NMDS plot thus is a 2-d representation
of the distances between the samples in a high-dimensional space.
The distance between two genomes in such an ordination dia-
gram gives an indication of the similarity of their gene profiles. A
stress value less than 0.2 combined with an overlay of pre-defined
group names provides reliable inferences about the clustering of
the samples.

Analysis of similarities

The ANOSIM test is the non-parametric multivariate analog of
the Analysis of Variance tests for univariate, normally distributed
data. Instead of the group means as in the univariate case, here
only the rank similarities between the samples in the underlying
similarity matrix are considered. For n samples having replicates
for two or more categories (in our case the taxonomic or ecological
niche groups) a test statistic R is calculated as follows
R="2_"W M’W )

2

where 7y is average of rank similarities in the replicates within a
category, 7p is the average of rank similarities among all pairs of
replicates between the categories, M = n(n — 1)/2 and n is the total
number of samples. The statistical significance of the observed R
value is evaluated using the null hypothesis H that there are no
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differences between the groups of samples. This is accomplished
by a permutation test where all the group labels are sequentially
applied to all the samples and the R statistic recalculated for each
permutation. The null hypothesis Hy is rejected if the observed R
value lies outside of the distribution of R values from the permu-
tation test. For instance if ¢ R values of the T total permutations
are greater than or equal to the observed R value then we can
reject Hy at a significance level of (# +1)/(T 4 1). This is what
is referred to as the Global R test, i.e., between all the groupings
of the samples. Pairs of the groups were also similarly compared
to each other in terms of the R statistic and its significance value.
Following convention, we tolerated a significance value of up to
5% (Type I error, i.e., rejecting the null hypothesis when it is true)
as being small enough to rule out the possibility of Hy being true.

Similarity percentages

This method disaggregates the Bray—Curtis similarity matrix in
order to identify the species that contribute most to the differences
(average dissimilarities) between the prior groupings of the sam-
ples. For two samples j and k SIMPER calculates the contribution
for the ith species as follows:

j¢(i) = 10007 — ik !/Zle i + ) 3)

The terms y;; and yj; are defined as before for Eq. (1). The aver-
age contribution §; of the ith species to the overall dissimilarity §
is just the average d;(i) for all pairs (j,k) such that j is from the
first group and k is from the second group. If §; is high and the
standard deviation SD (3;) of the 3j (i) values is low, it implies
that this species i has a significant contribution to the overall dis-
similarity in a majority of pairwise comparisons between the two
groups. A high §;/SD(3;) ratio therefore means that species i is a
good discriminator.

Principal components analysis

Principal components analysis is an ordination where the high-
dimensional data is represented in terms of two or three orthogo-
nal axes (Principal Components). The procedure involves finding
a linear combination of the original variables (first PC) such that
the variance of the sample points projected perpendicularly on
this new axis is maximized. The second PC is restricted to be per-
pendicular to the first PC and again chosen in the direction that
maximizes the variance of the sample points and so on. The per-
centage of the variance explained by the first three PCs gives an
idea about the loss of information resulting from reducing the
dimensions. The variable vectors can be plotted on top of the PCA
ordination to visualize the directions of the variable gradients.

PHYLOGENETIC AND POSITIVE SELECTION ANALYSIS

The 16S rRNA gene sequences for the genomes were retrieved
from GenBank along with the E. coli 16S rRNA sequence. These
were aligned using MUSCLE and imported into the ARB software
(Ludwig et al., 2004). A Maximum Likelihood tree was calculated
with the FastDNAML (Olsen et al., 1994) implementation in ARB
using a filter for base 800 to base 1300 encompassing and extending
on both sides, the v6 hypervariable region in E. coli. An in-house

script was used to calculate the average phylogenetic distance of a
gene as follows:

P = AvgDp(g) (4)

where D, (g) is the set of pairwise phylogenetic distances between
all pairs of genomes where gene g occurs.

For the genes discriminating between taxa or locations, the
nucleotide sequences were retrieved from GenBank and the
Maximum Likelihood estimations of average pairwise non-
synonymous by synonymous mutation (dN/dS) ratios were cal-
culated using CodeML (runmode = —2) from the PAML package
(Yang, 2007).

RESULTS

A set of proteins involved in iron metabolism (Table 1) was recov-
ered from 164 marine microbial genomes belonging to Cyanobac-
teria, eukaryotic phytoplankton, Alphaproteobacteria, Gammapro-
teobacteria, and Flavobacteria (Figure 1A) using HMMs with
optimized thresholds and modified emission probabilities as
described earlier (Srivastava et al., 2007). The heme biosynthesis
system, the TonB/ExbB/ExbD system, ferredoxin, and the iron-
sulfur cluster assembly protein Iscal (Table 1) were present in
almost all prokaryotic genomes and therefore removed from fur-
ther analysis. The observed abundances of TBD Fe-siderophore
uptake systems, components of Fe>* or divalent cation uptake
and Fe’t transporters were in agreement with previous reports
(Hopkinson and Barbeau, 2012). The TBD uptake systems for
catecholate, hydroxamate, and citrate siderophores were more
widespread in Gammaproteobacteria (60, 55, and 37% of the
genomes, respectively) as compared to Alphaproteobacteria (24,
16, and 13%, respectively), Flavobacteria (13, 8, and 30%, respec-
tively), and Cyanobacteria (2, 19, and 19%, respectively). Fe?*
or divalent cation transporters were abundant in all the taxa but
were most abundant in the eukaryotic phytoplankton genomes
(39%). Ferric reductase was characteristic of the eukaryotic phy-
toplankton group (71%), but was also present in Cyanobacte-
ria (2%), Alphaproteobacteria (16%), and Gammaproteobacte-
ria (10%). Fe’* transporters occurred in Cyanobacteria (37%),
Alphaproteobacteria (33%), and Gammaproteobacteria (27%), but
were uncommon in Flavobacteria (2%) and absent from eukary-
otic phytoplankton. NRPS and NIS components involved in
siderophore biosynthesis were present in Alphaproteobacteria (14
and 16%), Gammaproteobacteria (14 and 39%), Flavobacteria (14
and 22%), Cyanobacteria (32 and 11%), and also in eukaryotic
phytoplankton (24 and 11% respectively).

SIDEROPHORE BIOSYNTHESIS COMPONENTS IN PHOTOTROPHIC
GENOMES

Recent surveys involving searches of NIS components repre-
sented by PFAM domains AlcB (Acetyl transferase) and IucA_IucC
(siderophore synthetase for Aerobactin) suggest that none of the
eukaryotic phytoplankton and only around 4% of marine pico-
cyanobacteria possess this system (Hopkinson and Morel, 2009;
Hopkinson and Barbeau, 2012). Here our HMM search utilized
a more extensive set of NIS proteins involved in the biosynthesis
of aerobactin, desferrioxamine, and rhizobactin 1021 siderophores
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FIGURE 1 | Distribution of components of Fe-metabolism systems in (A) marine microbial taxa and (B) Temperature groupings of metagenomes. For

detailed description of the components of each system see Table 1.

(Challis, 2005; Table 1). NRPS was detected in picocyanobacteria P.
marinus MIT9303 and NRPS along with the NIS component RhbB
(a PLP dependent decarboxylase) were detected in P. marinus MIT
9303 and MIT 9313. It is possible that the high specificity of our
HMM-ModE models led to a slight drop in sensitivity. To con-
firm whether the other components of this pathway were indeed
present in the phototrophic genomes and were being missed due to

this lowered sensitivity of HMM-ModE, we used the Search Tool
for Interacting Genes/Proteins (STRING) database (Szklarczyk
et al,, 2011). For a given query sequence, this database identi-
fies a set of proteins that repeatedly co-occur with the query in
the genomes of many different organisms. In addition to P. mari-
nus MIT9303 and MIT9313, using the S. meliloti RhbB sequence
as the query, the STRING database showed the co-occurrence
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of RhbB and RhbA (diaminobutyrate aminotransferase involved
in rhizobactin biosynthesis) in P. marinus CCMP1375, NATLI1A,
CCMP1986, MIT9211, MIT9515, MIT9215, MIT9312, NATL2A,
AS9601, and MIT9301. A corresponding siderophore uptake gene
was not detected in the Prochlorococcus genomes. Our profiles
detected a putative gene for NRPS in eukaryotic phytoplankton A.
anophagefferens, E. huxleyi, O. tauri, P. tricornutum, and T. pseudo-
nana, and the NIS component RhbB in E. huxleyi, E. cylindrus, and
O. lucimarinus. Using the STRING database we detected genes
similar to rhizobactin biosynthesis components RhbA and RhbB
in O. tauri, O. lucimarinus, T. pseudonana, and P. tricornutum
along with RhtX, a special permease involved in the uptake of rhi-
zobactin 1021. The sequences identified as RhbA, RhbB, and RhtX
from these genomes shared 48.18, 35.48, and 30% identity at the
protein level within each group, respectively. A neighbor-joining
tree calculated from the multiple sequence alignments of these
sequences showed a higher similarity of the Freshwater organ-
isms with the Sinorhizobium genes while the eukaryotic sequences
clustered with the Prochlorococcus sequences (Figure 2). We also
detected the NRPS as well as NIS components in the metagenomes,
though their abundances were low (Figure 1B).

ANALYSIS OF GENOMES IN TERMS OF THEIR TAXONOMIC AFFILIATION
We generated occurrence matrices showing the abundance of Fe-
metabolism proteins (variables) in each genome or metagenome
(samples) and used NMDS plots to visualize the clustering of the
samples based on similarities of their gene occurrence profiles. The
distance between the sample points on a NMDS plot is indicative of
the extent to which samples share species (or proteins in this case).
We grouped the individual genomes according to either their taxo-
nomic class or to their ecological niches and applied a multivariate
non-parametric test (ANOSIM) to check for differences in distrib-
ution of the Fe uptake systems across these groupings. For groups
that showed a significant difference (a positive ANOSIM R value
with significance <5%) in the type and frequencies of occurrence
of Fe uptake systems, the SIMPER method was used to iden-
tify the proteins that contributed the most to this difference (see
Materials and Methods for details). The taxonomic groups took
into account the heterotrophic genomes, comprised of Alphapro-
teobacteria, Gammaproteobacteria, and Flavobacteria, and the pho-
totrophic genomes consisting of picocyanobacteria (Synechococcus
and Prochlorococcus), other- Cyanobacteria (Cyanobacteria exclud-
ing picocyanobacteria), and the eukaryotic phytoplankton. The
genomes were grouped into niches based on only the isolation
location of the source organism, e.g., Open Ocean, Coastal, or
Freshwater (Table S1 in Supplementary Material).

The NMDS plot of 110 heterotrophic genomes showed three
distinct clusters corresponding to the three taxa (Figure 3A). The
differences in Fe-metabolism systems among the three groups
were statistically significant (Table 2). The greatest diversity of
TBD hydroxamate/catecholate siderophore and heme uptake com-
ponents, and occurrence frequency of bacterioferritin and NIS
biosynthesis component RhbB, as identified by SIMPER, was
seen in Gammaproteobacteria (Table 3A). The Alphaproteobac-
teria genomes had the highest occurrence frequencies of Ferric
reductase, the Zinc uptake protein ZupT (free Fe’*and other
divalent cations), and FbpA (Fe*T transporter component) as well

as regulatory elements Fur and RirA. The ferric citrate uptake
protein FecA, the FeoAB proteins (Fe?* uptake), and Ferritin were
amongst the most abundant in Flavobacteria and infrequent in
the other two groups of heterotrophic bacteria. The regulatory
element DtxR was only present in Flavobacteria and absent in
Alphaproteobacteria and Gammaproteobacteria.

Figure 3B shows the NMDS plots labeled by taxonomy for
the 54 phototrophic genomes. The Cyanobacteria and eukaryotic
genomes formed separate clusters. Within the cyanobacterial clus-
ter the picocyanobacteria, which had the highest number of repre-
sentative genomes, and other- Cyanobacteria formed sub-clusters.
The phototrophic genomes showed a statistically significant dif-
ference between the eukaryotic phytoplankton, picocyanobacteria,
and other-Cyanobacteria groups (Table 2). The Fe uptake compo-
nents which showed a marked difference in abundances across
the phototrophic genome groups are given in Table 3. The pico-
cyanobacteria were characterized by the periplasmic Fe™ trans-
port components IdiA and HitB which were infrequent in the
other-Cyanobacteria and not detected at all in the available eukary-
otic phytoplankton genomes (Table 3). On the other hand, GTP
driven Fe?* uptake components FeoAB, FTR1, and hydroxamate
uptake components FhuA and RhtX were largely absent from pic-
ocyanobacteria and eukaryotic phytoplankton but were present
in the other-Cyanobacteria group. Similarly, high occurrence fre-
quencies of the Zinc transporter ZupT, Ferric reductase, IsiB,
and NRPS were characteristic of the eukaryotic phytoplankton
as compared to the Cyanobacteria.

ANALYSIS OF GENOMES IN TERMS OF THEIR ECOLOGICAL NICHES

The Open Ocean niche group of the phototrophic genomes
(Figure 3C) was significantly different from the Coastal and
Freshwater groups (Table 2). We observed that the TBD
siderophore/heme uptake components as well as the Feo system
for Fe>* uptake were most widespread in the Freshwater niche, rel-
atively less common in Coastal niche and rarely represented in the
Open Ocean niche (Table 4). FTR1 (direct Fe>* uptake), ferritin,
HO1 (heme oxygenase), and NRPS were abundant in Freshwa-
ter niche. The Fe>* transporter components (IdiA and HitB) were
evenly present in all the three niches. The NIS biosynthesis protein
RhbB was most abundant in the Coastal niche. The Open Ocean
niche had a greater abundance of IsiA and IsiB than both other
niches. The niche groups in the heterotrophic genomes were not
distinguishable from each other in terms of the frequencies of iron
uptake genes (Table 2).

ENVIRONMENTAL CHARACTERIZATION OF THE GOS METAGENOMES

Figure 4 shows the GOS sample locations overlayed on the annual
mean surface bioavailable dFe from the PELAGOS model (Vichi
etal.,2007a,b). This model couples the biogeochemical fluxes with
global ocean general circulation models. The iron dynamics in
PELAGOS include fluxes for uptake of bioavailable Fe by phy-
toplankton, loss by turnover/cell lysis, and predation. The only
external function that forces these fluxes is the monthly depo-
sition of atmospheric Fe and a dissolution fraction of the Fe
dust which is set at 1%. We used the surface dFe concentra-
tion predictions from the PELAGOS model to characterize the
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FIGURE 2 | Phylogenetic trees of (A) RhbA, (B) RhbB, and (C) RhtX
protein sequences from Open Ocean picocyanobacteria and eukaryotic
phytoplankton recovered in our study. The tree was constructed using a

NeighborJoining method, using the Jukes—Cantor correction and a bootstrap
test was conducted with 1000 replicates. The scale bar represents 100%
estimated sequence divergence.

aquatic niches. Since we were using model-derived dFe concen-
trations in place of actual observations, we compared the dFe
concentrations used in this study with those used in Toulza
et al. (2012). For the 22 GOS samples where dFe concentra-
tion predictions from both of these models were available, an

R? of 0.849 in a linear regression of the dFe values showed a
good correlation between the outputs of the two models (Table
S2 in Supplementary Material). There was a marked difference
in the surface dFe concentration in samples collected from the
Atlantic and the Pacific basins. However, apart from the dFe
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FIGURE 3 | Non-parametric multidimensional scaling plots showing the
clustering of genomes and metagenomes based on the similarities of
occurrence patterns of Fe uptake systems. (A) Heterotrophic genomes

labeled by taxa, (B) phototrophic genomes labeled by taxa, (C) phototrophic
genomes labeled by niche, and (D) GOS metagenomes labeled by marine
niche groups.

differences in the niches (Open Ocean or Coastal) defined in
Toulza et al. (2012), the spatial distribution of the samples across
a wide range of latitudes also resulted in a separation along
a temperature gradient (Temperate vs. Tropical) (Rusch et al,
2007).

The environmental matrix for the 30 GOS samples belonging
to the Open Ocean and Coastal niche groups was subjected to a
PCA (Figure 5). The Atlantic and Pacific samples were separated
along the first PC, where the environmental parameters account-
ing for the separation were Longitude, Latitude, and Temperature.
Within each ocean basin group (Atlantic or Pacific), along the sec-
ond PC, the water column depth gradient separated the samples
into Open Ocean and Coastal groups. The dFe gradient separated
the Atlantic Open Ocean samples from the Pacific Open Ocean
and Coastal samples (Figure 5). The first PC, which included the
temperature gradient in addition to the dFe, also separated the
samples into Temperate and Tropical groups (Figure 5).

To further understand the interaction between dFe and
temperature and to define meaningful niche groups with con-
trasting parameters, we compared the median and range of

the dFe concentrations as well as the temperatures (suitably
transformed as described in the methods) for different group of
GOS samples (Figures 6A,B respectively). There was a signifi-
cant difference in dFe concentrations in the Pacific and Atlantic
samples (single factor ANOVA, p value=6.31E—09), and their
median temperature difference was also significantly different
(p value <0.0005). The most noticeable difference of Fe con-
centrations was seen in the Atlantic Open Ocean samples and
Pacific (Open Ocean and Coastal) samples (p value 1.3E—11)
whereas the corresponding temperature difference between these
groups was not significant (p value 0.27 at a=0.01). Con-
versely, the Temperate, Coastal samples were primarily sepa-
rated from the Tropical (Open Ocean and Coastal) samples
by a temperature difference (p value 2.1E—07) with no differ-
ence in the corresponding average Fe concentrations (p value
0.3 at a=0.01). Consequently, only these three pairs of groups
(Atlantic Open Ocean vs. Pacific, Temperate vs. Tropical, and
Open Ocean vs. Coastal) were further analyzed for the differences
in their taxonomic profiles and their associated Fe-metabolism
systems.
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Table 2 | Statistical comparison (ANOSIM) of Fe-metabolism systems
in various groupings of genomes and metagenomes.

Groups R Significance
statistic level %

GENOME CATEGORIES

Heterotrophs-taxa

Gammaproteobacteria, Flavobacteria 0.862 0.1
Gammaproteobacteria, Alphaproteobacteria 0.455 0.1
Flavobacteria, Alphaproteobacteria 0.657 0.1
Phototrophs-taxa

Picocyanobacteria, other-Cyanobacteria 0.406 0.1
Picocyanobacteria, Eukaryotic phytoplankton 0.942 0.1
OtherCyanobacteria, Eukaryotic phytoplankton 0.964 0.1
Phototrophs-niche

Open Ocean, fresh water 0.332 0.1
Open Ocean, coastal 0.125 3.1
Fresh water, coastal* 0.074 8.8
GOS Groups

North Atlantic Open Ocean, South Pacific 0.142 3.7

Tropical, temperate 0.469 0.1
Coastal, Open Ocean 0.201 0.4

An R value with significance level more than 5% implies that the corresponding
groups cannot be statistically differentiated from each other. The insignificant pair
of groupings is marked with *.

TAXONOMIC DISTRIBUTION AND FE-METABOLISM COMPONENTS
REPRESENTED IN THE GOS METAGENOME GROUPS

The taxonomic profiles (the occurrence of sequences from vari-
ous taxonomic groups) of the aforementioned GOS metagenome
groups were obtained from MG-RAST (Meyer et al., 2008) using
an E-value cut-off of 1E—15, minimum percent identity 50, and
minimum alignment length 100. Using the set of sequences with
a clear taxonomic identification we further processed the data to
obtain the percentage contribution of each taxonomic group in
the metagenomic groupings (Table 5). The Fe-metabolism protein
frequency matrix was analyzed for differences in Fe-metabolism
components across the GOS metagenomic groupings. The NMDS
plots labeled by Ocean Basin — Niche categories as well as the Tem-
perature — Niche groups are shown in Figure 3D. The ANOSIM
tests for all these groups were significant (Table 2), suggesting
that the distribution of Fe uptake system components was differ-
ent. However, based on the environmental characterization (see
the section above), we selected only the samples from Tropical
vs. Temperate and Atlantic Open Ocean vs. Pacific for further
analysis with SIMPER along with the previously defined Open
Ocean vs. Coastal samples (Toulza et al., 2012). Differences in
gene abundances between these groups are given in Table 3. The
average abundance of the heme uptake machinery HmuTUV was
higher in the Pacific, Tropical, and Coastal groups whereas the
Fe’t uptake (IdiA, HitB) and IsiA had a higher representation
in the Atlantic Open Ocean (compared to the Pacific), Tropical
(compared to Temperate), and Open Ocean (compared to Coastal)
groups. The Fe?* uptake components (FeoAB) and Ferric reduc-
tase were more abundant in Atlantic Open Ocean, Temperate, and
Coastal groups. The Flavodoxin protein IsiB and heme oxygenase

HOL1 had a higher average abundance in the Pacific, Tropical, and
Open Ocean groups. While ZupT (zinc uptake protein) was more
abundant in Pacific, Temperate, and Coastal groups, the storage
protein ferritin had a higher abundance in Atlantic Open Ocean,
Temperate, and Open Ocean groups.

PHYLOGENETIC SPREAD AND NON-SYNONYMOUS MUTATION RATE OF
SELECTED GENES

The nucleotide sequences of some of the abundant genes, extracted
from the genomes, were analyzed for the rate of non-synonymous
mutations. Because non-synonymous mutations result in amino
acid replacement, they are often eliminated by purifying selection,
a form of natural selection that selectively removes deleterious
mutations. Under certain selection pressures, non-synonymous
mutations might be retained when they are advantageous (known
as positive selection). The dN/dS ratio therefore provides a mea-
sure of the selection pressure operating on a gene. The dN/dS
ratio for some of the genes was plotted (Figure 7) along with
their average phylogenetic spread (the average phylogenetic dis-
tance among the genomes possessing the gene, calculated from
a Maximum Likelihood tree of 16S rRNA gene sequences of the
genomes). Ferric reductase, feoA, feoB, idiA, and the zinc uptake
gene zupT, tonB, and ferritin genes all had a dN/dS value > 1, indi-
cating that non-synonymous mutations were possibly beneficial
for these genes and that they were evolving rapidly under pos-
itive selection. With the exception of the idiA gene, all of these
genes also had a wide phylogenetic spread indicating that they
were present in a wide range of taxonomic groups (Figure 7).
The remaining genes analyzed had a dN/dS ratio <1 (28 out of
35), indicating that they were under purifying selection pressure.
All proteins involved in siderophore biosynthesis or high-affinity
uptake systems for hydroxamate or catecholate siderophore/heme
or vitamin B12 were undergoing purifying selection. The regu-
latory element fur, fbp-family gene fbpA, hitB, isiA, isiB, and the
Mg?* transporter mgtE were also included in the category of puri-
fying selection and, with the exception of isiA, retained a wide
phylogenetic spread among the marine genomes.

DISCUSSION

MULTIVARIATE APPROACH USING FUNCTIONAL GENE SPECIFIC HMMs
Hidden Markov models of protein families or folds have been rou-
tinely used in genome wide studies of protein functions such as
metal binding capabilities (Dupont et al., 2006, 2010) or Fe trans-
port (Hopkinson and Barbeau, 2012). Some Fe uptake proteins
have multiple domains, which could be shared among differ-
ent functional classes. For example, the TonB-box is a conserved
motif which is common to all TBD receptors binding to differ-
ent substrates (hydroxamate, catecholate, heme, or citrate). The
GTP-binding domain of FeoB which is conserved and involved in
various other functions could also lead to increased FP, especially
in the metagenomic sequences (Hopkinson and Barbeau, 2012). It
has been shown earlier that the specificity of the identification of
function at the substrate binding level can be increased by mod-
ifying the HMM using information from the negative training
sequences (i.e., sequences of the same fold or family but having
different substrate binding function) (Srivastava et al., 2007; Desai
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Table 3 | Fe-metabolism protein components discriminating between the three major taxonomic groups of heterotrophs (A) and phototrophs
(B) and groupings of the GOS metagenomes (C) identified using the Similarity Percentages (SIMPER) method.

Protein (A) Heterotrophs (B) Phototrophs (C) GOS metagenomes
Gamma Alpha Flavo Picocyano Other Cyano Eukaryotic Fe conc groups Temperature groups Niche groups
bacteria bacteria Phyto
plankton

Atlantic Pacific Tropical Temperate Open Coastal
Open Ocean Ocean
Ocean

HasF 0.73 0.09

PhuR 0.45 0.19 0.43

HmuT 0.43 0.28 0.1 0.08 0.96 0.56 0 0.28 0.52
HmuU 0.81 0.67 025 0.13 0.48 0.15 0.83 0.55 0.31 0.43 0.53
HmuV 0.48 0.33 0.1 0.2 0.35 0.27 0.53 0.28 0.4
HemU 0.23 0.1 0.45 0

FhuA 0.75 0.41 036 0.2 0.93 0

IutA 0.46 0.05 0

RhtX 0.13 0.43 0

BtuF 0.4 0.06

BtuB 0.91 0.33 0.05

FecA 0.38 0.07 0.52

IdiA 0.79 0.31 0 1.79 1.66 1.72 1.43 1.82 1.49
HitB 0.55 0.53 0.05 0.69 0.54 0 1.03 0.73 0.82 0 0.92 0.32
FbpA 0.43 0.59 0.05 0.46 0.61 0.52 0.26 0.54 0.37
FeoA 0.45 0.09 069 031 0.61 0 0.63 0.36 0.51 1.38 0.89 1.29
FeoB 0.48 0.12 069 03 0.63 0 0.99 0.9 0.9 1.67 0.48 0.97
ZupT 0.27 0.49 0.38 1.52 0.12 1.29 1.19 125 1.15 1.25
FTR1 0.17 0.39

MgtE 0.4 3.33 3.2

Fur 11 1.36 1.03 0 3.72 3.34 3.71 3.64
RirA 0.55 0.63

DtxR 0 0 0.81 0.95 14 1.22 0.96 113 1.16
BfrB 0.49 0.15

Ferritin 0.67 049 087 102 1.56 0.09 1.82 141 151 1.69 1.6 1.63

RhbB 0.62 0.42 0.52

NRPS 0.46 0.59 049 0.36 1.67 0.95

Ferric 0.44 0.65 1.48 1.29 127 1.34 2 1.2 1.79
reductase

IsiA 127 1.27 0 1.72 1.34 1.49 0.17 1.82 0.55
IsiB 0.62 0.02 0.54 0.6 0.87 1.28 1.35 1.3 0.36 1.37 0.76

The numbers are average log abundances of components that were discriminating between groups with the highest abundance in a given category (A, B, or C) given
in bold. An empty cell means that the component might be present in all the groups but is not discriminating between groups.
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etal.,2011). We constructed profile HMMs of Fe-metabolism pro-
teins covering most known Fe uptake systems (Table 1), using
the HMM-ModE protocol (Srivastava et al., 2007) to increase the
specificity at the substrate binding level. Our finding that TBD

Table 4 | Proteins discriminating between aquatic niche groups in
phototrophic genomes identified using the Similarity Percentages
(SIMPER) method.

Phototroph genomes (niche)

Protein Open Ocean Coastal Freshwater
HEMETBDT UPTAKE

HasF

PhuR

HmuT

HmuU 0.12 0.19 0.36
HmuV

HemU

HYDROXAMATE SIDEROPHORE UPTAKE

FhuA 0.12 0.24 0.87
IutA 0.04 0.32
FhuB 0 0.26
FhuC 0.06 0.23
RhtX 0.06 0.21 0.38
CITRATE SIDEROPHORE UPTAKE

FecB 0.13 0.31 0.41
Fe®* TRANSPORTERS

IdiA 0.53 0.63 0.68
HitB 0.57 0.59 0.58
FbpA

Fe?* UPTAKE

FeoA 0.19 0.3 0.74
FeoB 0.17 0.38 0.65
ZupT 0.28 0.28 0.17
FTR1 0.04 0.03 0.58
MgtE 0.64 0.67 0.71
REGULATORY ELEMENTS

Fur 1.09 1.27 1.51
RirA

DtxR

STORAGE

BfrB

Ferritin 0.76 113 1.41
NRPS INDEPENDENT SIDEROPHORE SYNTHESIS

RhbB 0.12 0.43 0.32
NRPS 0.49 0.67 13
Fe-Red 0.35 0.16 0.15
IsiA 1.51 0.89 1.05
IsiB 0.79 0.35 0.68

The numbers are average log abundances of components that were discrimi-
nating between groups. The abundances for the categories having the highest
values for a given component are displayed in bold. An empty cell means that the
component might be present in all the groups but is not discriminating between
groups.

hydroxamate uptake components are relatively abundant in the
metagenomes (Figure 1B) was in agreement with the fact that
hydroxamate siderophores are abundant in seawater and constitute
upto 5% of the dFe concentration in the Atlantic Ocean (Macrellis
et al., 2001; Mawji et al., 2008; Velasquez et al., 2011; Gledhill and
Buck, 2012).

Our method also provided a wider range of components to
search for in the genomes and metagenomes as demonstrated
by the hits obtained for the proteins RhbA (diaminobutyrate-2-
oxoglutarate aminotransferase) and RhbB (L-2,4 diaminobutyrate
decarboxylase) that suggest the presence of some of the compo-
nents for rhizobactin siderophore biosynthesis in Cyanobacteria
and eukaryotic phytoplankton genomes (Table S1 in Supplemen-
tary Material). However, the confirmation of siderophore biosyn-
thesis pathways in these organisms will depend in part on the
positive identification of the remaining genes for the many neces-
sary components that could not be detected in these genomes using
the HMMs and the STRING database as input for the search. Also,
the homologs of RhtX detected in the eukaryotic genomes from
the STRING database, were mostly annotated as Acetyl CoA trans-
porters and had only a weak similarity with the S. meliloti RhtX
protein (Tables S3-S5 in Supplementary Material), making their
identification tenuous without supportive evidence. Siderophore
biosynthesis has been reported in some Synechococcus species
(Wilhelm and Trick, 1994; Ito and Butler, 2005; Hopkinson and
Morel, 2009) and predicted to be present in the prasinophyte O.
lucimarinus (Palenik et al., 2007) suggesting that they may be more
widespread than originally thought. Recent reports have shown the
production of Fe-binding ligands by microbial communities dom-
inated by diatoms under Fe-depleted conditions with a distinct
correlation between Fe-binding ligand concentration and diatom
growth (Buck et al., 2010; King et al., 2012).

The increased specificity (and the related sensitivity drop)
of the HMM search implies that we might miss identifying Fe-
metabolism components in the genomes and metagenomes and
our bottom-up approach (starting from known sequences) would
prevent us from discovering novel or highly diverged forms of
these Fe uptake systems. Also, for the metagenomes, since we
sampled equal numbers of sequences, the reduced search space
led to the under-representation of some Fe-metabolism systems.
For example, even though the hydroxamate TBD uptake sys-
tems turned up as discriminating between the genome groups,
they were not detected in sufficient numbers or discriminat-
ing between metagenome groupings (Table 3). To see if this
under-representation was a result of the method and the reduced
search space, we scanned all the sequences in the metagenomes
with our profiles (Figure 1B). We did find components of
hydroxamate, catecholate, and citrate siderophore uptake along
with heme degrading oxygenases in all the groups of sam-
ples. However, since our aim was to compare samples from
different locations, it was important to minimize the effect of
sequencing effort (Gilbert et al., 2010), and so, all our compar-
isons were performed with the sampled metagenome sequence
data.

Multivariate analysis is increasingly being applied in microbial
ecology studies, for example, to trace the seasonal variation in bac-
terial communities (Gilbert et al., 2010), compare communities
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FIGURE 4 | Coordinates of GOS metagenome samples overlayed on dissolved Fe concentrations as predicted by PELAGOS model.
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FIGURE 5 | Principal Components Analysis of GOS samples using
similarities of the environmental parameter profiles. The samples are
labeled according to the ocean basins (Atlantic or Pacific) combined with
niche groups (Open Ocean or Coastal).

from different niches (Dinsdale et al., 2008) or investigate the
correlation of environmental factors with the observed commu-
nity structure and function in the GOS metagenomes (Gianoulis
et al.,, 2009; Raes et al., 2011). The traditional concept of the

species as a fundamental unit of biological diversity does not
apply to prokaryotes. A new bacterial equivalent of a species
(an ecotype) arises when a bacterial lineage starts utilizing a
different set of resources for occupying a new ecological niche
or microhabitat (Cohan, 2002). The bacterial genome has the
capability to re-organize itself according to environmental cues
in a given niche by mechanisms such as horizontal gene trans-
fer (Thompson et al., 2011; Hopkinson and Barbeau, 2012)
and hence, could be viewed as an assemblage of genes. In
our analysis, we therefore used the profiles of abundances of
the Fe-metabolism components (as variables or species that
are subject to change) in the genomes or metagenomes (the
ecological equivalent of samples) to calculate the similarities
between pairs of samples, and further, between a priori group-
ings of the samples. Our multivariate analysis detected distinct
patterns of co-occurrence in the groups (both genomes and
metagenomes) including the co-occurrence of multiple compo-
nents of the same system. For example, in most of the comparisons
of the groups that we performed, all components of the heme
uptake machinery HmuTUYV, Fe3* transporters, or the FeoAB
system were reported as significant. Concomitantly, the charac-
teristic occurrence patterns for each genome group (Figure 1)
were also captured accurately. The reliance of picocyanobacteria
and Alphaproteobacteria on Fe>T transporters and their absence
from Flavobacteria, or the widespread use of FeoAB based Fe2t
uptake by Flavobacteria and its absence from picocyanobacteria
and Alphaproteobacteria are facts borne out by recent studies
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FIGURE 6 | Median and range of dissolved Fe concentrations (A) and
Temperature (B) for the GOS metagenome sample groups used in the
study. Numbers of samples in the groups are as follows: Atlantic (18), Pacific

(12), Atlantic Open Ocean (9), Pacific Open Ocean (5), Pacific-Coastal (7),
Tropical-Open Ocean (11), Tropical-Coastal (11), Temperate-Coastal (8), Open
Ocean (14), Coastal (16).

(Hopkinson and Barbeau, 2012) which were also apparent in
our analysis. Thus, the multivariate analysis of uptake systems
in genomes, using the genome as a unit of ecological treatment,

validated our approach and demonstrated that it could be used
to determine similar differences between the niche groups of
genomes and metagenomes.
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phylogenetic distance among the genomes possessing the gene. The black phylogenetic spread are marked by an arrow. Fe-red — Ferric reductase.

ENVIRONMENTAL ENRICHMENT OF FE UPTAKE SYSTEM COMPONENTS
CORRELATES WITH THE DISTRIBUTION OF DOMINANT TAXONOMIC
GROUPS

The classification of a microbial genome as either Open Ocean
or Coastal in our study was based on the location where
they were isolated and does not preclude the possibility of it

being present in other niches. However, the abundance of a
plethora of Fe uptake systems along with both NIS and NRPS
siderophore biosynthesis components in Freshwater and Coastal
phototrophs potentially reflected the diversity of Fe-binding lig-
ands in these niches as compared to the oligotrophic Open
Ocean organisms where only the homeostasis proteins IsiA,
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Table 5 | Taxonomic profiles of GOS metagenome niche groupings.

Taxonomic groups Fe concentration groups

Temperature groups Niche groups

Atlantic Open Ocean Pacific Tropical Temperate Open Ocean Coastal
Alphaproteobacteria 41.80 22.97 36.18 16.60 16.57 35.33
Gammaproteobacteria 26.97 24.21 19.99 39.20 35.16 20.18
Flavobacteria 6.26 22.68 6.22 12.47 2.64 751
Picocyanobacteria 13.61 1.01 11.65 0.28 5.37 8.86
OtherCyanobacteria 0.20 0.55 0.23 0.08 0.53 0.1
Eukaryotic phytoplankton 0.05 0.94 0.04 0.49 0.04 0.16

The numbers indicate the percentage dominance of the taxa in the metagenome groups.

IsiB, and Ferric reductase were abundant (Table 3). The GOS
metagenomes provided an opportunity for the same compari-
son at the community level and also afforded a correlation of
these differences to temperature, dFe concentration, and a dis-
tinction between Open Ocean and Coastal niches which were set
apart from each other by water column depth (Figure 5). The
SIMPER analysis demonstrated that certain genes were enriched
in a particular niche, i.e., they had a distinct environmental
signature.

A detailed analysis of the occurrence patterns of major micro-
bial taxa in the same GOS metagenomic groupings (Table 5)
was instructive of how the distribution of Fe-metabolism
systems was effected by the environmental parameters. The
Tropical metagenomes were dominated by SAR11 cluster and
other Alphaproteobacteria (36.18% of total identified taxa) and
picocyanobacteria (11.55%). These taxa were notably under-
represented in the Temperate metagenomes (16.6 and 0.28%
respectively). On the other hand the Temperate metagenomes
were mainly composed of Flavobacteria (12% as compared to
6% in Tropical) and Gammaproteobacteria (39%; Table 5). The
major differences in the Fe uptake systems between these groups,
i.e., more Fe’* transporters, IsiA, and IsiB in Tropical vs. more
Fe?t uptake, ferritin and Ferric reductase in Temperate were in
accordance with the differences between the picocyanobacteria
and Alphaproteobacteria on one hand and the Flavobacteria on the
other (Table 3). The HmuTUYV system, though decidedly more
widespread in Gammaproteobacteria, is nonetheless present in
Alphaproteobacteria genomes (Table 3). The combined contribu-
tion of Alphaproteobacteria and Gammaproteobacteria sequences
is roughly the same in both groups (58.17 and 55.80% of all
Tropical and Temperate sequences respectively; Table 5). We also
compared just the coastal samples from the Tropical and Tem-
perate zones (Table S2 in Supplementary Material) to remove
the effect of Open ocean and Coastal locations and the results
were unchanged. The impact of temperature on the taxonomic
and functional diversity of the GOS samples is well established
(Rusch et al., 2007; Raes et al., 2011). Here, we showed that tem-
perature, potentially, also has an impact on the Fe uptake system
distribution.

In the metagenomic groups separated by dFe concentra-
tions, picocyanobacteria were well represented in the Atlantic
Open Ocean (Fe-replete) samples whereas Alphaproteobacte-
ria clades dominated the Fe-depleted Pacific samples. Again

in this case, Fe uptake system distribution between the
two groups (Table 3), i.., more Fe’* transporters, Fe’t
uptake, and IsiA in the Atlantic vs. more HmuTUYV, FbpA,
ZupT, and IsiB in the Pacific, was a reflection of the dif-
ferences between corresponding dominant taxonomic groups
(Table 5).

Niche specific adaptations and diversity in Fe uptake mech-
anisms among Cyanobacteria are well documented. For exam-
ple, siderophore production and its associated receptor mediated
uptake is more common in freshwater and coastal cyanobacteria
but is not the preferred iron acquisition strategy in open ocean
Cyanobacteria (Webb et al., 2001; Palenik et al., 2006; Hopkin-
son and Morel, 2009). Our results of the niche analysis of pho-
totrophic genomes also showed this distinction (Table 4). Recent
sequencing of various Synechococcus genomes points to the pres-
ence of Fe?t uptake in coastal strains (Palenik et al., 2006) as
an adaptation to the higher concentrations of bioavailable Fe**
in coastal regions (Kuma et al., 1992). The upregulation of IdiA
as a response to Fe limitation both in culture as well as in the
Fe-limited open ocean is well known in Cyanobacteria (Rusch
et al.,, 2010; Thompson et al., 2011). Additionally, presence of
Fe>* transporters, and lack of TBD Fe uptake systems in Can-
didatus Pelagibacter ubique, an open ocean alphaproteobacterium
might also be a niche specific adaptation (Smith et al., 2010).
In light of the above facts and because of possible differences in
Fe-speciation (Boye et al., 2003; Buck and Bruland, 2007), niche
specific adaptive differences in Fe-metabolism gene profiles were
expected between the Open Ocean and Coastal groups. How-
ever since all the Temperate samples were also Coastal, some of
the differences between Temperate and Tropical groups might, in
essence, be reflected in the differences between the Coastal and
Open Ocean niche groups. For example, the FeoAB system and
Ferric reductase (over-represented in Temperate) were also more
abundant in the Coastal group. Additionally, the Coastal group
also had higher abundance of the HmuTUV. The Open Ocean
group on the other hand had higher occurrence of Fe** trans-
porters, IsiA, and IsiB (Table 3). Taxonomically, the Coastal group
was again dominated by Alphaproteobacteria and Gammapro-
teobacteria together constituting around 55% of all identifiable
sequences in the group. The Open Ocean group also had a simi-
lar proportion of the proteobacteria (roughly 52% of total). The
Flavobacteria and picocyanobacteria were both over-represented
in the Coastal group (Table 5). But within the picocyanobacteria
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the pelagic Prochlorococcus was more abundant in Open Ocean
while the Chroococcales (Synechococcus spp., Synechocystis spp.
etc) were almost six times more abundant in the Coastal group
than in Open Ocean (data not shown). The over-representation
of Fe3*transporters, IsiA, and IsiB in the Open Ocean could be
explained by the abundance of Prochlorococcus while the FeoAB
and Ferric reductase in the Coastal group could be due to the abun-
dant Flavobacteria. In conclusion for each metagenomic group the
Fe-metabolism component was representative of the taxonomic
groups dominant in those metagenomic groups. The environ-
mental niche defined the taxonomic dominance which in turn
led to the enrichment of particular Fe uptake components in that
particular niche.

DIFFERENTIAL SELECTION PRESSURES ON FE RESPONSIVE GENES

The genes for some of the proteins which were discriminatory
between the niches also showed evidence of positive selection pres-
sure at the sequence level (Figure 7). Most of these fast evolving
genes perform generalized functions, which could involve inter-
acting with multiple ligands. Both idiA and fbpA bind Fe’t,
but only idiA was under positive selection pressure while fbpA
was under purifying selection pressure. However the phylogenetic
spread of FbpA was high and occurrence of idiA was more or
less confined to the Cyanobacteria. It has been postulated that
Fe’*t transporters such as idiA interact with Fe bound organic
complexes rather than with free Fe’*(Hopkinson and Barbeau,
2012). Hydroxamate siderophores have been detected throughout
the Atlantic Ocean (Mawji et al., 2008), and it could be believed
that by virtue of broadly specific Fe** transporter idiA or fbpA the
Open Ocean cyanobacteria could make a variety of siderophores
available to themselves. Similarly the non-specific nature of Fer-
ric reductase mechanism (Schroder et al., 2003) might provide an
edge to organisms by catering Fe bound to diverse ligands in an
organically rich environment, as evident by our finding that Ferric
reductase mechanism was relatively abundant in North Atlantic
Open Ocean and Temperate (Coastal) groups of metagenomes.
An exception is the abundance of TBD mechanisms in South
Pacific group which is known to be oligotrophic. The compo-
nents of the specialized TBD siderophore/heme uptake systems or
the enzymes involved in siderophore biosynthesis, heme oxyge-
nase etc were undergoing purifying selection and the phylogenetic
spread was also low for many of them. This suggested that both,
the design of the siderophore and the uptake machinery employed
are species specific and not much variation at the amino acid
sequence level is allowed in the proteins involved. In addition,
because of the cost involved in the production of siderophore
and the uptake machinery, when present they should confer a
definite competitive advantage to the organism. The open ocean
environment is highly diffusive and an organism in such a niche
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Zinc is a recognized essential element for the majority of organisms, and is indispensable
for the correct function of hundreds of enzymes and thousands of regulatory proteins. In
aquatic photoautotrophs including cyanobacteria, zinc is thought to be required for carbonic
anhydrase and alkaline phosphatase, although there is evidence that at least some carbonic
anhydrases can be cambialistic, i.e., are able to acquire in vivo and function with different
metal cofactors such as Co?* and Cd?*. Given the global importance of marine phytoplank-
ton, zinc availability in the oceans is likely to have an impact on both carbon and phosphorus
cycles. Zinc concentrations in seawater vary over several orders of magnitude, and in the
open oceans adopt a nutrient-like profile. Most studies on zinc handling by cyanobacteria
have focused on freshwater strains and zinc toxicity; much less information is available on
marine strains and zinc limitation. Several systems for zinc homeostasis have been char
acterized in the freshwater species Synechococcus sp. PCC 7942 and Synechocystis sp.
PCC 6803, but little is known about zinc requirements or zinc handling by marine species.
Comparative metallo-genomics has begun to explore not only the putative zinc proteome,
but also specific protein families predicted to have an involvement in zinc homeostasis,
including sensors for excess and limitation (SmtB and its homologs as well as Zur), uptake
systems (ZnuABC), putative intracellular zinc chaperones (COG0523) and metallothioneins

(BmtA), and efflux pumps (ZiaA and its homologs).

Keywords: zinc limitation, Zur, COG0523, SmtA, BmtA

INTRODUCTION

Zinc might be considered as one of the most inconspicuous trace
elements. To some extent, this is due to its “boring” (Levi, 1984)
chemistry —in its only biologically relevant oxidation state, Zn(II),
it is colorless and does not display any redox chemistry of its own.
Because Zn%t is not redox-active, many authors tend to consider
it as less important than iron or copper in terms of both essential-
ity and toxicity, even though between 5 and 9% of the predicted
proteomes of most organisms correspond to zinc-requiring pro-
teins — in most cases more than either the predicted iron or copper
sub-proteomes (Andreini et al., 2009).

This is even true for prokaryotes which once were thought to
“avoid the hidden cost of zinc homeostasis” (Luisi, 1992). Several
recent bioinformatic approaches aimed at predicting metallopro-
teomes (Andreini et al., 2006, 2008; Dupont et al., 2010) found that
although overall zinc utilization in bacteria is undoubtedly lower
than in eukaryotes, Zn-binding domains are yet highly abundant
in predicted bacterial proteomes. For the case of currently existing
prokaryotes, there is clear evidence for widespread zinc utilization,
in particular in hydrolytic enzymes (Decaria et al., 2010). A major
reason for lower zinc utilization by bacteria is likely the much
lower abundance of zinc finger domains in their proteomes. Fur-
thermore, at least in heterotrophs, the cellular quotas for zinc and
iron tend to be similar (Outten and O’Halloran, 2001), although

it should be emphasized that metal quotas do not necessarily bear
a direct relationship to metal requirements.

Virtually all organisms have elaborate mechanisms to control
zinc levels and distribution (Hantke, 2005; Eide, 2006; Fukada and
Kambe, 2011). Total cellular concentrations typically are in the
high micromolar range; however, various lines of evidence have
indicated that “free” cytosolic zinc concentrations are extremely
low. Values given in the literature vary between nanomolar and
femtomolar — with the true regulated value probably somewhere
in the picomolar range (Krezel and Maret, 2006). The apparent
need for the narrow range of tolerable zinc concentrations had
initially puzzled some researchers, as there seems to be a wide-
spread belief that zinc is not particularly toxic to cells. It could
be argued that this is only true for cells that have efficient mech-
anisms to deal with zinc; otherwise free zinc concentrations as
low as nanomolar can be toxic (Bozym et al., 2010). Deleteri-
ous effects of Zn?t may, at least to some extent, be due to its
high position in the Irving—Williams series (Irving and Williams,
1953), meaning that it outcompetes less competitive metal ions
such as Fe?* and Mn?* for their protein binding sites, as demon-
strated recently for the Mn-binding protein MncA (Tottey et al,,
2008). This latter study illustrated why it is important to limit the
amount of exchangeable zinc in the cytosol of cells, by the demon-
stration that the major periplasmic Mn-binding protein MncA
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of Synechocystis sp. PCC 6803 (a freshwater cyanobacterium) can
only incorporate the essential cofactor Mn?* to a significant extent
if this is present in 100000-fold molar excess over Zn?*. Since
MncA folds and is loaded with Mn?" in the cytosol, this finding
implies the need for a very low free cytosolic zinc concentration in
Synechocystis sp. PCC 6803. Little information is available on zinc
toxicity to marine cyanobacteria. A study on Synechococcus strains
in the strait of Gibraltar noted that even micromolar concentra-
tions of zinc had only a moderate effect on growth (Debelius et al.,
2011), but zinc sensitivity may differ considerably depending on
the natural habitat of a given cyanobacterium.

There are indications for an impact of zinc on major global bio-
geochemical cycles. A “zinc hypothesis” was put forward in 1994 in
astudy that demonstrated zinc and carbon co-limitation in marine
phytoplankton (Morel et al., 1994). A link between zinc and car-
bon fixation is also reflected in the arctic ice-core record (Hong
etal., 1996): during periods of glaciation, zinc levels were at least 10
times higher, whilst CO; levels were significantly lower than in the
intervening periods. Changes in zinc levels due to increased depo-
sition of dust into the oceans are thought to have had an effect
on marine microbial community structure, and the decrease in
CO; levels could be attributed to increased CaCO3 production
by coccolithophores and a resulting decrease in atmospheric CO,
(Schulz et al., 2004). The amount of data on geochemical zinc
fluxes is limited, and it is not clear whether dust deposition today
does (Thuroczy et al., 2010) or does not (Bruland et al., 1994) sig-
nificantly contribute. In terms of a direct biochemical link between
zinc and organic CO; fixation, there are of course the carbonic
anhydrases, which operate in all marine phytoplankton, including
cyanobacteria (Cannon et al., 2010), although substitution with
either Co or Cd has been demonstrated for eukaryotic phytoplank-
ton (Xu et al., 2008). There are also strong indications for links
between Zn and phosphorus cycles (Jakuba et al., 2008), thought
to be due to the requirement of Zn for alkaline phosphatase.

An absolute requirement for zinc has been clearly demonstrated
for marine eukaryotic phytoplankton (Sunda and Huntsman,
1995, 2005), but the situation is less clear for marine cyanobac-
teria, as discussed below. With this review, we aim to make a
case for intensifying studies into the relevance of zinc for marine
cyanobacteria.

MARINE CYANOBACTERIA

Cyanobacteria are a group of phototrophic prokaryotes that all
have the ability to perform oxygenic photosynthesis. In the marine
environment a large diversity of both unicellular (e.g., Syne-
chococcus, Prochlorococcus, Cyanobium, Acaryochloris, and Cro-
cosphaera) and filamentous (e.g., Trichodesmium, Lyngbya, Oscilla-
toria, Nodularia, and Microcoleus) genera exist, occupying habitats
ranging from intertidal microbial mats through to oligotrophic
open-ocean waters (see Whitton and Potts, 2000).

The numerically dominant cyanobacteria in open-ocean waters
are the unicellular genera Synechococcus and Prochlorococcus which
contribute significantly to marine CO; fixation (Li, 1994; Jardil-
lier et al., 2010). Synechococcus are the more widely distributed,
being found in waters covering a broad temperature range, from
ca. 2-3°C to >30°C (Shapiro and Haugen, 1988; Waterbury et al.,
1996; Fuller et al., 2006; Zwirglmaier et al., 2008), and including

open-ocean, coastal and estuarine environments (Partensky et al.,
1999; Scanlan, 2003). Prochlorococcus appears to be more con-
strained in its distribution occupying waters roughly between
45°N and 40°S but within these latitudes it is extremely abundant,
routinely reaching concentrations of 10> cells per ml or higher
(Partensky et al., 1999; Partensky and Garczarek, 2010). Prochloro-
coccus can be distinguished from Synechococcus by its lack of a phy-
cobilisome light-harvesting antenna complex. Instead, it possesses
thylakoid membrane proteins binding unique divinyl derivatives
of chlorophyll a and b (Goericke and Repeta, 1992; Partensky
and Garczarek, 2003). In stratified tropical and subtropical waters
Prochlorococcus cells undergo vertical partitioning between dis-
tinct high light- and low light-adapted ecotypes (Moore et al,,
1998; West and Scanlan, 1999). Both Synechococcus and Prochloro-
coccus have relatively small genomes ranging in size between 1.64
and 2.7 Mb in Prochlorococcus and from 2.2 to 2.86 Mb in Syne-
chococcus (Kettler et al., 2007; Dufresne et al., 2008; Scanlan et al.,
2009). In the case of Prochlorococcus, significant genome reduction
has occurred during evolution of the genus, likely an adaptation
to the oligotrophic gyre systems they inhabit, providing significant
economies in energy and nutrients (Dufresne et al., 2005).

As well as contributing to marine carbon cycling, some
cyanobacteria are also capable of nitrogen fixation (Zehr, 2011).
Trichodesmium, a filamentous non-heterocystous genus, is ubiq-
uitous in tropical and subtropical environments (Capone et al.,
1997) and until recently was thought to be the dominant marine
nitrogen-fixer. However, it is now clear that the unicellular UCYN-
A and UCYN-B lineages, the latter encompassing the genera
Crocosphaera and Cyanothece, also contribute significantly to this
process (Zehr,2011). Surprisingly, despite its global distribution in
the Atlantic and Pacific Oceans Crocosphaera appears to have lim-
ited genetic diversity with high identity and synteny of the cultured
genome sequence to environmental metagenomic datasets for this
genus (Zehr et al., 2007). Interestingly, metabolic insights from the
genome of the UCYN-A lineage reveals a cyanobacterium lacking
photosystem II, RuBisCO, and a tricarboxylic acid cycle (Tripp
et al., 2010) suggesting it requires a symbiotic partner.

The high diversity of marine cyanobacteria is epitomized by
Acaryochloris marina, a cyanobacterium that uniquely utilizes
chlorophyll d as its main photosynthetic pigment (Kuhl et al,,
2005) trapping the far-red light that penetrates beneath the didem-
nid ascidians (sea squirts) upon which these organisms are found
(Ohkubo et al., 2006). Curiously, the A. marina genome is con-
siderably larger than other sequenced unicellular strains (Swingley
etal.,2008) comprising a circular chromosome of 6.5 Mb and nine
distinct plasmids giving a total DNA content of 8.3 Mb. Over 10%
of the protein families contain duplicated copies in A. marina and
this information, together with its utilization of far-red light that
is not absorbed by other aerobic photoautotrophs, suggests that
Acaryochloris species fill a non-competitive niche where they are
apparently free to specialize their metabolic library, and potentially
explains their expansive genome size (Swingley et al., 2008).

BIOLOGICAL AND CHEMICAL CO-EVOLUTION, AND CYANOBACTERIAL
METAL REQUIREMENTS

It has been hypothesized that metal ion bioavailability presented
an evolutionary selection pressure on the “choice” of metals
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within metalloenzymes (Williams and Da Silva, 2003). Con-
versely, biological evolution and the emergence of life has changed
the chemical composition, or more precisely, the speciation of
the atmosphere, the lithosphere, and of course the hydrosphere.
Arguably, cyanobacteria might be deemed responsible for the
greatest change of all by inventing oxygenic photosynthesis (Ray-
mond and Blankenship, 2004). Consequently, they were amongst
the first organisms that encountered, and had to cope with,
the changes in the chemical composition of their environment
that oxygenation brought about (Cavet et al., 2003; Saito et al.,
2003). For metal ion speciation, both fundamental considerations
(Williams and Da Silva, 2001) as well as detailed studies (Saito et al.,
2003) agree that the presence of oxygen meant a drastic reduction
in iron, cobalt, nickel, and manganese availability, and a signifi-
cant increase in the concentrations of zinc, copper, and cadmium
(Williams and Da Silva, 2001; Williams, 2011). It is reasonable to
accept that these changes in chemistry and bioavailability directed
biological evolution, including that of metal-binding biomole-
cules (Williams and Da Silva, 2000). Indeed, even though it has
been suggested that microbial metalloproteomes are still largely
uncharacterized (Cvetkovic et al., 2010), bioinformatic genome
analyzes of known metal-binding protein domains (Dupont et al.,
2010) as well as elemental analysis experiments on marine phy-
toplankton (Bertilsson et al., 2003; Heldal et al., 2003; Ho et al,,
2003; Quigg et al., 2003, 2011; Morel, 2008) give a picture that is
consistent with this idea. Thus, the “co-evolution of biology and
chemistry” is imprinted on both the metallome and the metal-
loproteome. The interested reader is directed to a recent debate
regarding the evolution of zinc-binding domains (Mulkidjanian
and Galperin, 2009; Dupont and Caetano-Anolles, 2010).

In the case of cyanobacteria, metal ion requirements and sensi-
tivities, as far as they have been experimentally determined, agree
with the notion that they evolved in an environment with metal
ion concentrations typical of a sulfidic or a ferrous ocean (Saito
et al., 2003): both marine Synechococcus (Sunda and Huntsman,
1995) and Prochlorococcus (Saito et al., 2002) strains have been
shown to be cobalt-limited, whereas the requirements for zinc are
so low (Saito et al., 2003) that only mild reductions in growth
rates were observed at the lowest possible free zinc concentrations
(Saito et al., 2002).

Our previous genome-mining approaches have identified
strong candidate genes for potentially zinc-requiring carboxyso-
mal carbonic anhydrases, ABC-type zinc uptake systems, as well
as for proteins involved in the intracellular handling of zinc
(Blindauer, 2008b). Several other enzymes in cyanobacteria are
also predicted to require zinc for function, including for example
DNA ligase and alkaline phosphatase (Palenik et al., 2003), the
latter leading to the suggestion that cyanobacteria may be Zn—
P co-limited. Indeed, in certain cyanobacterial strains, alkaline
phosphatase activity is elicited by phosphorus limitation (Moore
et al., 2005), and direct crosstalk between P and Zn, mediated by
the regulatory protein PtrA, has been found in Synechococcus sp.
WHS8102 (Ostrowski et al., 2010). PtrA responds to phosphorus
depletion and its expression up-regulates not only the expression
of phosphatases, but also that of proteins predicted to be involved
in zinc acquisition and distribution — including ZnuABC and a
member of the COG0523 family (see below). However, it has to

be noted that the true metal requirements of each of these pro-
teins has yet to be experimentally verified, and there is reason to be
cautious, with some evidence for the in vivo replacement of zinc
with cobalt (Sunda and Huntsman, 1995) and cadmium (Lee and
Morel, 1995) in marine phytoplankton. Very recently though, uti-
lization of an alternative calcium-requiring phosphatase (PhoX)
has been shown for uncultured Prochlorococcus (Kathuria and
Martiny, 2011), suggesting a further mechanism for reducing zinc
requirements.

In conclusion, although cyanobacteria are at the root of what
life and marine trace metal chemistry are like today, their metal
requirements require further study; none of the predicted major
destinations for zinc are experimentally confirmed, and informa-
tion about if, and how, zinc requirements can be alleviated by
either Co or Cd substitution, is limited.

ZINC SPECIATION IN SEA WATER

In order to understand how cyanobacteria might acquire zinc from
the marine environment, we must first understand its chemical
nature in seawater. The concentration of zinc in oceanic waters
follows typical nutrient-like depth profiles (Bruland, 1980; But-
ler, 1998), with the lowest concentrations found in the euphotic
zone with dissolved zinc rapidly removed to lower depths as
a constituent of colloidal particles (Bruland, 1989; Wells et al,,
1998). Total dissolved zinc concentrations in surface waters of
the North Atlantic Ocean range from just 0.1 to 0.3nM (Ell-
wood and van den Berg, 2000), similar to values obtained from
measurements taken in the North Pacific Ocean (Bruland, 1980).
The vast majority of this zinc (~98%) is found complexed to
uncharacterized organic ligands (Bruland, 1989; Donat and Bru-
land, 1990; Ellwood and van den Berg, 2000) with conditional
stability constants, log K'z,1, of between 10.0 and 10.5 (Wells
et al., 1998; Ellwood and van den Berg, 2000). This results in
a concentration of free Zn’t of 1-20pM. The distribution of
these metal complexing ligands suggests a surface source (Bruland,
1980) that may include phytoplankton including cyanobacteria.
This contribution could be through the direct secretion of zinc-
bindingligands into the ocean. There is already some evidence that
cyanobacteria actively secrete ligands that complex other biolog-
ically important trace metals including copper, iron, and cobalt.
The marine Synechococcus sp. strains WH8101 and WH7805 have
both been found to produce siderophores (Wilhelm and Trick,
1994) for scavenging iron from nutrient-depleted environments,
whilst Cu-complexing ligands are produced to mitigate the toxic
effects of copper (Wiramanaden et al., 2008), with cyanobacteria
particularly sensitive to this metal (Mann et al., 2002). Significant
quantities of strong cobalt-binding ligands were produced by a
Synechococcus-dominated microbial community in the Costa Rica
upwelling dome (Saito et al., 2005).

Alternatively the Zn complexing ligands could be released from
cyanobacterial cells indirectly, perhaps as a consequence of cell
lysis by marine phages (Wells et al., 1998). Despite the fact that
the vast majority of zinc in ocean waters is present in the form of
organic metal complexes, there is evidence that free Zn?™ is the
major form of this nutrient taken up by phytoplankton (Ander-
son et al., 1978; Sunda and Huntsman, 1992; Sunda et al., 2005). In
the Pacific Ocean the concentration of free Zn?>* in surface waters
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ranges from only 1 to 14 pM (Bruland, 1980; Donat and Bruland,
1990), and in the Atlantic Ocean ranges from 6.8 to 20 pM (Brand
et al., 1983). The concentration of free Zn>* in surface waters is
thought to be sufficiently low to limit the growth of some marine
phytoplankton (Brand et al., 1983; Sunda and Huntsman, 1992)
although one study found that phytoplankton growth was not
limited by low Zn>* concentrations even after iron limitation was
alleviated (Coale et al., 1996). Conversely, productivity in the sub-
tropical Atlantic was further boosted by addition of Zn or Co to
water that had also been enriched with Fe and P (Dixon, 2008),
providing evidence for Zn/Fe/P co-limitation. Similarly, the iron-
depleted waters of the Southern Ocean and the sub-arctic Pacific
are also extremely zinc-depleted (Sunda and Huntsman, 2000)
which appears to induce high levels of Cd uptake and high Cd:P
ratios in phytoplankton. It is thus clear that interactions between
the cycles of different metal ions exist, and that co-limitation needs
to be studied (Saito et al., 2008). How important such crosstalk is
in cyanobacteria is not yet well understood, and further work is
required to determine if mechanisms exist for the active uptake of
zing, and if so, in what form zinc is acquired by cyanobacteria, and
to determine the impact that cyanobacteria have on trace metal
speciation in ocean waters (Leao et al., 2007).

SYSTEMS FOR ZINC HOMEOSTASIS

Zinc homeostasis in bacteria is largely achieved through a balance
of active uptake and efflux by specific membrane transporters
(Hantke, 2005), plus proteins mediating intracellular zinc han-
dling (Figure 1). In the freshwater cyanobacterium Synechocystis
sp- PCC 6803, a zinc-specific high affinity ABC transporter termed
ZnuABC has been identified for the active uptake of zinc from
the periplasm (Cavet et al., 2003). Putative ZnuABC systems
have also been identified in most strains of marine cyanobacte-
ria (Blindauer, 2008b; Scanlan et al., 2009). The putative znuABC
gene cluster of many of the marine strains also contains a putative
zur gene (Blindauer, 2008b). Zur proteins (for zinc uptake reg-
ulator) are low-zinc sensors; their zinc-loaded forms repress the
expression of znuABC under zinc-replete conditions (Patzer and
Hantke, 2000).

To date no specific mechanisms for the active uptake of zinc
across the outer cell membrane of cyanobacteria has been iden-
tified. It is generally considered that metal ions are small enough
to diffuse freely through porins in the outer-membrane of Gram-
negative bacteria; however, as described above, the concentration
of free Zn?* in surface layers of the world’s oceans is extremely
low, with the vast majority of zinc complexed to as yet uncharac-
terized ligands of unknown structure and origin (Bruland, 1989).
Whether at least some of these ligands are actively secreted to aid in
zinc acquisition remains an open question; there is also the possi-
bility that at least in coastal environments, ligands are synthesized
in response to zinc excess and hence to avoid toxicity (Lohan et al.,
2005; Leao et al., 2007).

In order to deal with excess zinc, Synechocystis sp. PCC 6803 has
a zinc-specific efflux pump, ZiaA (Thelwell et al., 1998), similar
to other P1-type ATPase metal ion transporters, that transports
Zn?T from the cytoplasm to the periplasmic space (Figure 1).
Expression of this efflux system is induced by zinc and is regulated
by ZiaR (Thelwell et al., 1998), a zinc-specific repressor protein.

With the exception of Lyngbya sp. and Nodularia sp., most marine
strains of cyanobacteria appear to lack zinc-specific efflux pumps
(Blindauer, 2008b; Scanlan et al., 2009) reflecting the nutrient
poor environments they occupy, with free Zn?* concentrations
being in the picomolar range in ocean waters (Hunter and Boyd,
1999). Instead, at least some marine cyanobacteria seem to rely on
a mechanism of zinc sequestration by bacterial metallothioneins
(BmtAs; Blindauer, 2008b) to deal with any eventual excess. Met-
allothioneins are small cytosolic proteins rich in cysteine residues
that bind and sequester metal ions and thereby prevent any delete-
rious interactions (Blindauer and Leszczyszyn, 2010). The metal-
lothionein SmtA of the freshwater cyanobacterium Synechococcus
sp. PCC 7942 is induced by several metal ions but most promi-
nently by zinc (Huckle et al., 1993) and its expression is controlled
by the zinc sensor SmtB (Osman and Cavet, 2010) that is highly
similar to ZiaR. Several marine strains of cyanobacteria appear
to lack an SmtB/ZiaR type regulator (Blindauer, 2008b) despite
the presence of one or more genes for a BmtA (Table 1). Fur-
thermore, many also appear to lack any established mechanism
for dealing with zinc excess, with all Prochlorococcus and some
Synechococcus strains apparently lacking both a ZiaA efflux pump
and a metallothionein encoding gene (Blindauer, 2008b). Pre-
sumably these bacteria never encounter toxic levels of zinc in

Low Zinc High Zinc
Zn
5 Outer
- membrane
Znn Periplasm
Cytoplasmic
membrane
Cytoplasm
Zn @B A Zn
cOBDs257 &N@j 2y,
ZiaR
DNA Zn

SmtB

"
Zur

FIGURE 1 | Known and proposed elements of zinc homeostasis in
cyanobacteria. A requirement for zinc is sensed by the transcriptional
regulator Zur, leading to the upregulation of the components of the
ZnuABC uptake system. Some members of the putative
metallochaperone family COG0523 are also regulated by Zur, and have,
in other bacteria, been shown to be expressed in response to zinc
deficiency. In most freshwater cyanobacteria, excessive levels of zinc
are sensed by SmtB and its homologs (ZiaR, AztR, BxmR), and these
sensors regulate either the expression of efflux pumps (ZiaA) or
metallothioneins (SmtA and homologs).
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Table 1 | Presence of selected genes predicted to be involved in zinc homeostasis in marine cyanobacterial genomes.

Species/strain Zur

Zinc-related COG0523?2

BmtA SmtB In gene cluster?

<

Acaryochloris marina MBIC11017
Crocosphaera watsonii WH 8501

Cyanobium sp. PCC 7001 [D]°

Lyngbya sp. PCC 8106

Microcoleus chthonoplastes sp. PCC 7420 [D]
Nodularia spumigena sp. CCY9414
Oscillatoria sp. PCC 6506

Synechococcus sp. CC9311

(\

Synechococcus sp. CC9605
Synechococcus sp. WH 7803
Synechococcus sp. WH8102

N NN N NN

Synechococcus sp. PCC 7002
Synechococcus sp. WH 8109 [D]
Synechococcus sp. WH5701
Synechococcus sp. CC9902
Synechococcus sp. BL107 [D]
Synechococcus sp. PCC 7335 [D]
Synechococcus sp. RCC307 [D]
Synechococcus sp. RS9916 [D]
Synechococcus sp. RS9917 [D]
Synechococcus sp. WH7805 [D]
Trichodesmium erythraeum IMS101

R N N R B SV N VAN

Prochlorococcus marinus sp. AS9601
P marinus sp. MIT 9211

P marinus sp. MIT 9215

P marinus sp. MIT 9301

P marinus sp. MIT 9303

P marinus sp. MIT 9312

P marinus sp. MIT 9313

P marinus sp. MIT 9515

P marinus sp. MIT9202 [D]

P marinus NATLTA

P marinus NATL2A

P marinus marinus CCMP1375°
P marinus pastoris CCMP1986°

N N N N N N N N N N N N N N N N N N N N N N NN NENEN

N NN N N N N NN

yes

NN

yes

v yes

NN N R N N N N RN

Empty cells indicate absence of a recognizable zinc-related homolog, “?” indicate presence of homologs with unclear metal specificity.

aAccording to analysis of syntenic genome regions or presence of upstream Zur box.

b[D] Draft genome.
¢CCMP1375 also known as SS120; CCMP1986 also known as MEDA4.

the environment, although it also remains possible that they may
employ novel mechanisms for zinc homeostasis that have yet to be
discovered.

SENSING A REQUIREMENT FOR ZINC: Zur TRANSCRIPTION FACTORS

In bacteria, the expression of proteins that deal with metal ion
homeostasis is predominantly regulated at the transcriptional level
(Finney and O’Halloran, 2003; Giedroc and Arunkumar, 2007;
Waldron et al., 2009), and is mediated by sensor proteins for zinc
excess (e.g., SmtB and its relatives; Giedroc and Arunkumar, 2007;
Osman and Cavet, 2010) and zinc depletion (Zur and others).
Seven major groups of bacterial metalloregulatory proteins have
so far been defined: the Fur-family (for “ferric uptake regulator”)

is one of them (COGO0735; Bagg and Neilands, 1987), and also
comprises paralogous sensors for zinc (Zur), nickel (Nur), man-
ganese (Mur; Lee and Helmann, 2007), and hydrogen peroxide
(PerR; Jacquamet et al., 2009).

Metal sensing in bacteria occurs overwhelmingly in the cytosol
(Waldron and Robinson, 2009). Ultimately, the sensor proteins are
the proteins that need to be the “most specific” — they should ide-
ally either not bind any other metal ion, or if that is not possible,
they should not respond to other metal ions in the same way as
to their cognate metal. The key concepts of access and allostery, as
well as the importance of relative affinities of different metallopro-
teins for different metal ions, have been highlighted by Waldron
et al., 2009.
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The dissociation constants of Zn?>*—Zur complexes are in the
femtomolar range; similar data are also available for zinc excess
sensors (Outten and O’Halloran, 2001; Giedroc and Arunkumar,
2007) — these data also support the idea that the free Zn’* concen-
tration in the cytosol is extremely low. Several crystal structures
of representatives of the COG0735 family have been determined
(Pohl et al., 2003; Lucarelli et al., 2007; Jacquamet et al., 2009;
Sheikh and Taylor, 2009; Shin et al., 2011). All members stud-
ied adopt a “winged-helix” fold (Figures 2A,C) and all assemblies
are homo-dimeric, as are many other proteins that specifically
recognize DNA sequences.

All “urs” are thought to bind their cognate DNA in the pres-
ence of the entity to be sensed. Although no structures in the
presence of DNA are available, it is thought that DNA-binding
is mediated by the first ca. 80 residues, whilst dimerization, also
a prerequisite of DNA-binding, is mediated by the C-terminal
half, in particular by the formation of a six-stranded B-sheet
formed by both monomers. The overall shape of the dimeric
assembly can be described as an “arch” (Figure 2C), and the two
DNA-binding domains are thought to “grip” the DNA using their
DNA-recognition helices. It is likely that the interaction between
protein and DNA requires a particular conformation that is stabi-
lized by the presence of the sensed metal. The sensing appears to
be mediated by two inter-domain hinges that are likely to be sta-
bilized by metal-binding. In contrast to metal sensors of the SmtB
family in which complete metal sites form between monomers,
each metal site in Fur-family proteins is formed from residues
from one monomer only. If the respective metal is absent, a differ-
ent conformation may become more favorable, and DNA-binding
no longer occurs, leading to the de-repression of gene transcrip-
tion. Despite this general mechanistic idea, there is considerable
ambiguity about the molecular detail of metal-binding, and how
the binding of the “correct” metal mediates DNA-recognition.
Despite the availability of X-ray structure for no less than seven
Fur-family proteins, the identity of the residues involved in bind-
ing the metal ion to be sensed is unclear, in particular in those
“urs” that contain three metal sites per monomer.

A structural zinc site formed by four conserved Cys residues is
present in the majority of Fur-family members, independent of the
sensed metal. One or two further sites participate in sensing. An
inspection of various X-ray structures of Fur-family proteins sug-
gested that sample preparation for such studies seems to be quite
challenging; in particular, appropriate population with the correct
complement of metal ions appears to be less than straightforward,
and in several cases, workers appear to have resorted to populating
all sites with Zn?*, Whilst this is certainly appropriate for Zurs, in
other cases this may lead to ambiguous conclusions, as the coordi-
nation preferences of Zn>* are rather different to those of Fe** or
Ni*. It has been demonstrated experimentally for SmtB/ArsR
sensors that coordination geometry (Cavet et al., 2002) is an
important discriminator in metal sensor proteins (via allostery).
For Pseudomonas aeruginosa Fur, it has been shown in vitro that
Zn?* -loaded Fur interacted with a Fur-binding DNA sequence in
a different manner to that observed with Fe2t (Ochsner et al.,
1995). It should also be noted that despite full conservation of
the respective residues, the crystallographically observed metal-
binding sites in the Fur proteins from Pseudomonas aeruginosa

on the one hand and Vibrio cholerae and Helicobacter pylori on
the other (all structures contain only Zn2T ions) are not identical
(see Figure 2B), and that the domain orientations in the dimeric
assemblies also differ significantly — likely as a consequence of the
different coordination modes. It is conceivable that the binding
mode for Fe>* differs from both experimentally observed sites,
with likely consequences for the structure that is competent to
bind to Fur boxes.

Even in the case of the Zur sensors, metal population seems to
be problematic, and as a consequence, there is some controversy
over stoichiometry as well as the role of the various sites. For the
Zurs from Streptomyces coelicolor (Shin et al., 2011) and Bacillus
subtilis (Ma et al., 2011), there is agreement that site 2 (Figure 2A)
is the major sensory site. Variations of site 2 are present in Fur,
Nur, and PerR (Figure 2B), and in each case, this site has been
identified as the sensory site. Site 3 was only partially occupied in
the M. tuberculosis structure (Lucarelli et al., 2007), and the dimer
displayed an open conformation, probably with reduced DNA-
binding ability. In contrast, site 3 (site D) was fully occupied in
the structure of S. coelicolor Zur, and the dimer showed a closed
conformation, thought to be DNA-binding competent. This led
to suggestions that site 3 fine-tunes the response to zinc (Shin
et al., 2011). This assessment has been contested based on studies
of mutants of B. subtilis Zur (Ma et al., 2011), which suggested
that site 3 is not populated under physiological conditions at all,
but that the two site 2s in the dimer have different affinities and
show negative cooperativity. In either case, it was suggested that
different metal affinities of the various sites allow the broadening
of the operating range of the Zur proteins.

We believe that the preceding discussion demonstrates the chal-
lenges encountered in the study of metal-binding and -sensing
proteins, but also highlights how important continued studies of
metalloproteins are. Unfortunately, so far, no structure for any “ur”
from a cyanobacterium has been elucidated, but in the following,
we will explore what can be achieved using theoretical approaches.

BLAST searches in the genomes of marine cyanobacteria
retrieved members of the COGO0735 family as summarized in
Table 1; Figure 3 and Figures S1 and S2 in Supplementary Mate-
rial. They cluster into four distinct groups. Although it should
be recognized that sequence similarity and metal specificity of
sensors (or indeed other metalloproteins) need not be congru-
ent (Campbell et al., 2007), comparisons with other “urs” of
known specificity, first and foremost Synechocystis Zur, suggest
that the branch highlighted in light purple corresponds to Zurs.
Furthermore, an analysis of the genome environments of the Zurs
from the majority of Prochlorococcus strains supports this idea
(Figure 4).

Intriguingly, sequence comparisons (Figure 2B) show that an
equivalent of site 2 cannot be identified in the cyanobacterial Zur
homologs, and neither are all residues of site 3 the same as in
structurally characterized Zur proteins. We have constructed a
homology model of the representative from Prochlorococcus sp.
§8120 (CCMP1375) to test whether likely alternative binding sites
might be predicted. The model obtained (Figure 2C) suggests that
the cyanobacterial Zurs may contain a variation of site 3, compris-
ing D80, H82, C98, and H118. Thus, the predicted zinc-sensing
site is in a location corresponding to site 3, but has a ligand set that
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Site 1:
C90,C93,

Prochioroc. m. CCMP 1986

Synechococcus WH8102
Crocosphaera walsonii
Synechocystis PCC 6803
Gloeobacler_violacaeus
M. tuberculosis pdb 2003
Str. coelicolor pdb 3MWZ
Bacillus subtilis Zur
Pseudom. aer. Fur 1MZB
Vibrio cholerae Fur 2W57
Helicobacter p. Fur 2XIG
Str. Coelicolor Nur 3EYY
Bacillus subtilis PerR 2FE3

Prochloroc. m. CCMP 1986
Synechococcus WH8102
Crocosphaera walsonii
Synechocystis PCC 6803
Gloeobacler violacaeus

M. tuberculosis Zur 2003
Str. coelicolor Zur 3AMWZ
Bacillus subtilis Zur
Pseudom. aer. Fur 1MZB
Vibrio cholerae Fur 2W57
Helicobacter p. Fur 2XIG
Str. Coelicolor Nur 3EYY
Bacillus subtilis PerR 2FE3
Zinc sites in 3AMWZ

FIGURE 2 | Structural features of Zur proteins. (A) Crystal structure of
Zur from Streptomyces coelicolor (Shin et al., 2011; pdbo 3MWM). Only
one monomer is shown. The three zinc-binding sites are highlighted in red
(site 2 — major sensory site), yellow (site 3), and gray (site 1 — structural
site). (B) Sequential alignment of structurally characterized Furfamily
proteins from various bacteria together with selected sequences from
cyanobacteria. The color-coding for the Zur proteins from S. coelicolor and
M. tuberculosis corresponds to that shown in (A). The consensus sensory
site 2 is clearly not present in cyanobacterial sequences, but a variation of
site 3, highlighted in yellow, can be discerned. Corresponding sites in
Fur/Nur/PerR proteins are highlighted in dark and light green, and gray for

Site 2
D65,C79,H85,F

D80, H82, C98, H118:
proposed sensory

site
———————————————— MPMDRSTPEISERQKQLLQELKKCN-DELSGQELHRQLHQSENAMGLATVYRNLQ
--MTGSSPA--—————————————m LNARQOQALLTALNACG-DEMSGQQLHRSL-DDEASMGLATVYRNLR
————————————————————— MKAKYTRSQEKIIRVLKSLK-YGISAQDLYAELKHRDQPLGLATVYRALE
=-MSLPTPS—-——=====- LAVRLESLTVNQRLVLQALQRET-EPLSAQALFAKLRET-KKIGLATVYRALD
—————— MPA---======————-RKLTKGQQAVLEALASSK-RPLCAQDIYLQLRGTEQEVGLATVYRSLE
————— MASA--=-=====——=—==-AGVRSTRQRAAISTLLETLD-DFRSAQELHDELRRRGENIGLTTVYRTLQ
-=-VTTAGPP---==———————= VKGRATRQRAAVSAALQEVE-EFRSAQELHDMLKHKGDAVGLTTVYRTLQ
————————— MNVQEALNLLKENGYKYTNKREDMLQLFADSD-RYLTAKNVLSALNDDYPGLSFDTIYRNLS
-GSMVENSE-=======- LRKAGLKVTLPRVKILOMLDSAEQ! SAEDVYKALMEAGEDVGLATVYRVLT
--MSDNNQA----————— LKDAGLKVTLPRLKILEVLOQQPECOHISAEELYKKLIDLGEEIGLATVYRVLN
-MKRLETLESILERLRMSIKKNGLKNSKQREEVVSVLYRSG-THLSPEEITHSIRQKDKNTSISSVYRILN
“MVUSTDWKS ====mmwe= DLRQRGYRLTPQRQLVLEAVDTLE--HATPDDILGEVRKTASGINISTVYRTLE

--MAAHELK----EALETLKETGVRITPQRHAILEYLVNSM-ARIPTADDIYKALEGKFPNMSVATVYNNLR

8082 98 118
VLVKQGLVRSRHLPTGEVLYTPVER--DIHHLTCVNCGET TRLEGCPVNTMNVPKKTSEKFELLFHTLEFFGLE---QNCLOKKES——-—-~—
QLOORGLVRCRHLPTGEALYAPVDR--DRHHLTCVDEGTTQVLDHCP ITHGI DVPADSRGDFELLFHTLEFFGFC---SSCRPOQRSSKP--~—
GLKTQGTVKSRTLSNGEAIYSVIS--HEQHHVICVSCGOS FVINECPVHDLEKRLEKTYNFQVYYHTLEFFGREC---HECNTKSVL----~—
ALKLAGFIQHQATMTGELLYQTLEQ--DOQHCLTCLQCGESVPIQGCPVQSLEENLOQANYSFRIYYHTLEFFGLC---QLCAKGSD------
ALLADDRIQIIDVRDNQAHYLMGRANHSQHHLICLSCKRVVPLDHCPVSALEQHLSQDHEFQIAYHVLDFYGTC---GECRQAVGA----~—
SMASSGLVE@TLHTDTGESVYRRESE-H
SLADAGEV@VLRTAEGESVYRRE@STGD!
LYEELGILETTELSGEKLFRFKSFTH

IBHT, VCLDCGEVIBFSDDVIEQRQKETAAKYNVQLTNRSLYLYGKCGS DGSCKDN PNAHKPKK
HI ICLHCGKIIEFADPEIENROQNEVVKKYQAKLISDMKMEFVWEC---KECQESES-—~-~---
LLEELGLVSHAHLGHGAPTY] LADR—IH IHLVCRDCTNVIEADLSVAADFTAKLREQFGFDTDMKHFAIFGRE---ESCSLKGSTTDS--
VFRESGLVKELTYGDASSR E‘VT——SDYICENCGKIVDFHYPGLDEVEQLAAHVTGFKVSRLEIYGVC———QECSKKE‘.NH —————
1 90 93 105 122 130 133

the structural zinc site. (C) Homology model for Pro1502, a predicted Zur
protein from Prochlorococcus marinus sp. CCPM1375. Inspection of initial
metal-free models and conservation of potential ligands [see (B)]
suggested that cyanobacterial Zurs contain only one sensory binding site
that differs significantly from the sites in other Fur-family proteins including
the two Zur proteins from S. coelicolor and M. tuberculosis, but the
combination of donor atoms is the same as for site 2 (=N,QOS). Further
variations within the cyanobacterial Zur proteins are possible, as indicated
for the sequences from Gloeobacter violaceus (a genus forming the
earliest branch of the cyanobacterial phylogenetic tree) and Crocosphaera
watsonii, which could form NS sites.
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FIGURE 3 | Phylogenetic relationship among Fur-like proteins from
marine cyanobacteria. Sequences are labeled with species and protein
accession number; a rectangular tree including bootstrap statistics can be
found in Figure S1 in Supplementary Material, and the actual sequences are
documented in Figure S2 in Supplementary Material. Additional proteins for
the experimentally verified Fur from Escherichia coli and Synechocystis sp.
PCC 6803 are also included (green boxes), along with the Zur proteins from
Streptomyces coelicolor, Mycobacterium tuberculosis, and Synechocystis sp.
PCC 6803 (purple boxes). Amino acid sequences (see Figure S2 in
Supplementary Material) were aligned using CLUSTALW (Larkin et al., 2007),
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and manually edited prior to import into MEGAS (Tamura et al., 2011).
Phylogeny was inferred using the minimal evolution method. Bootstrap values
are the result of 1000 replications. Evolutionary distance was estimated using
the JTT model of substitution. There are four clear branches. Inclusion of
Synechocystis Zur and Fur allows the suggestion that the branches containing
these sequences correspond to zinc-responsive (light purple bubble) and
iron-responsive (light green bubble) regulators. The Zur and Fur sequences
from other bacteria do not cluster with any of the four branches, indicating
that similarity between cyanobacterial sequences and those from other
bacteria do not allow to infer metal specificity.

is similar to that of site 2, which may suggest that the zinc-binding
affinity of this site is also closer to that of site 2. The four residues

identified are almost fully conserved in putative Zur proteins from
all cyanobacteria (Figure S2 in Supplementary Material). A notable
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FIGURE 4 | Selected variations in genome neighborhoods of elements
of zinc homeostasis in marine cyanobacteria, with a focus on putative
Zur (left) and COG0523 (right) proteins. ZnuA is the periplasmic binding
protein, ZnuB the permease, and ZnuC the ATPase component of the
ZnuABC uptake transporter (also see Figure 1). In other strains and
species (e.g., other Synechococcus strains, Lyngbya sp. PCC 8106,
Microcoleus chthonoplastes), the gene for Zur is not co-localized with

Prochlorococcus MIT9303, Synechococcus sp. WH8102

Lyngbya sp. PCC 8106

Acaryochloris marina (AM1_3031)

[z) /5B )/

Acaryochloris marina

(AM1_3070)

Crocosphaera watsonii

recognizable elements of zinc homeostasis. Note that there appear to be
two ZnuABC-type systems in Prochlorococcus marinus sp. MIT 9303. The
Acaryochloris marina genome and plasmids harbor at least nine COG0523
family members; AM1_3070 (corresponding to UniProt entry
BOCDJ7_ACAM1) and AM1_3031 (corresponding to UniProt entry
BOCCJ8_ACAMN1) are directly or indirectly associated with zinc
homeostasis.

exception is the homolog from Trichodesmium erythraeum, in
which H82 is replaced by a Tyr residue.

From this analysis, we would predict that the molecular mecha-
nism for sensing in cyanobacterial Zurs differs to some extent from
that of other bacterial Zurs with three metal sites, but the general
idea of zinc stabilizing domain orientation still holds. Notably,
the recognition motifs (Zur boxes) for cyanobacterial Zurs differ
somewhat from those of other bacteria (Haas et al., 2009), which
may require an adapted mode of operation of the protein.

Using the Zur box motif developed by Haas et al
(2009) we have interrogated the genomes of Synechococcus sp.
CC9311, Prochlorococcus sp. CCMP1375, and Prochlorococcus sp.
CCMP1986. We have also examined the entries for cyanobacterial
Zur regulons in the RegPrecise database (Novichkov et al., 2010).
The motifs developed by Haas and by RegPrecise differ (Figure 5),
but common features can still be discerned, and it is likely that the
consensus Zur box in cyanobacteria corresponds to an (imper-
fect) inverted repeat, analogous to Zur and Fur boxes from other
bacteria (Gabriel et al., 2008).

In the Prochlorococcus strains examined, a putative Zur box
was found in the intergenic region between a putative znuA and
znuC. All three components of the ABC transporter are arranged
into one gene cluster that also comprises the respective putative
zur gene (Figure 4). All other strains inspected (Trichodesmium

erythraeum, Synechococcus sp. WH8102, Synechococcus sp. PCC
7002) also contain one or more Zur boxes in their znuABC gene
cluster.

In the genome of Prochlorococcus sp. CCMP1986, Zur boxes
were also identified upstream of several genes encoding ribosomal
proteins (S7, S12, and S14p/S29e). This is of potential interest,
because in other bacteria several ribosomal proteins, e.g., S14,
L31, L33, and L36, occur in two versions, one requiring a zinc
ion to stabilize a zinc-ribbon fold, and one version not requiring
zinc (Makarova et al., 2001). The latter versions have been shown
to be regulated by Zur in several bacterial species (Panina et al.,
2003; Owen et al., 2007; Gabriel and Helmann, 2009). It has been
suggested that the ribosome is, under zinc-replete conditions, a
substantial store for cellular zinc, and that the “alternative” ver-
sions are expressed in response to zinc deprivation (Owen et al.,
2007), operating as a backup for growth in Zn-poor environments,
thus helping to reduce the overall requirement for zinc and the cel-
lular zinc quota. The transcriptional response of E. coli to extreme
zinc limitation (Graham et al., 2009) highlights that zinc limita-
tion not only affects the transcription of genes encoding proteins
involved in zinc homeostasis, and that are zinc-requiring, but
also, importantly, zinc-independent proteins. Similarly, in other
bacterial species it has been demonstrated that a variety of zinc-
independent proteins including an alternative version of the global
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FIGURE 5 | Sequence logos for Zur boxes in cyanobacteria. (A)
Consensus sequence developed by Haas et al. (2009), using 14
sequences found upstream of COG0523 genes in Prochlorococcus
marinus sp. CCMP1986, P marinus sp. CCMP1375, Nostoc sp. PCC
7120, Cyanothece sp. PCC 7424, Cyanothece sp. PCC 8802,
Cyanothece sp. PCC 8801, Cyanothece sp. ATCC 51142, and
Cyanothece sp. PCC 7425. (B) Consensus sequence deposited in the
RegPrecise database (Novichkov et al., 2010) using 75 sequences from
the genomes of Synechocystis PCC 6803, Synechococcus sp. PCC
7002, Synechococcus sp. PCC 7942, Synechococcus JA-3.3Ab,
Thermosynechococcus elongatus BP-1, Synechococcus sp. WH8102,
Prochlorococcus sp. MIT 9313, Trichodesmium erythraecum IMS101,
Cyanothece sp. PCC 7425, Cyanothece sp. PCC 8801, Cyanothece sp.
ATCC 51142, Microcystis aeruginosa NIES-483, Nostoc sp. PCC 7120,
and Gloeobacter violaceus PCC 7421. There are clear similarities
between the two logos as indicated by the suggested alignment of
parts A and B.

transcription factor DksA in Pseudomonas aeruginosa (Blaby-Haas
etal., 2011), are under the control of Zur, and genome analyses of
Zur regulons suggest that this is a widespread phenomenon (Haas
et al., 2009). However, neither of the two versions of S14 present
in the genome of Prochlorococcus sp. MED4 displays any salient
signatures for zinc-binding, and neither S7 nor S12 are known to
bind zinc or occur in duplicate, so the significance of their vicinity
to Zur boxes is in need of further investigation.

Another set of potential Zur boxes were found in a cluster
that comprises FutC, ferritin, and a Rieske iron—sulfur protein.
According to the manually curated database of bacterial regulons
RegPrecise, the cognate sequences of Furs and Zurs differ signifi-
cantly (Novichkov et al., 2010). Hence, the detection of potential
Zur boxes within a cluster related to iron homeostasis suggests
that there is some crosstalk between the homeostasis of these two
metal ions; this has been observed in other bacteria, e.g.,in S. coeli-
color, where the gene cluster responsible for the production of the
siderophore coelibactin is regulated by Zur (Kallifidas et al., 2010).

The only Zur box that we were able to identify in the genome
of Synechococcus sp. CC9311 was upstream of a predicted ZIP
transporter protein (Sync_2443). ZIP (for “zinc—iron permeases”)
proteins are involved in zinc uptake in a variety of organisms
including plants, animals, fungi, and bacteria. However, ZIP
proteins have as yet not been reported for cyanobacteria, and
no recognizable homologs of Sync_2443 were found in any other
cyanobacterium; the closest match in a BLAST search was a zinc
transporter from the y-proteobacterium Francisella novicida. If
Sync_2443 really is a zinc transporter, this coastal strain has an

even more remarkable repertoire for dealing with fluctuations in
zinc concentrations than previously thought (Palenik et al., 2006).
Two further notable RegPrecise entries were found for the genomes
of Trichodesmium erythraeum, indicating Zur boxes upstream of a
putative metallochaperone of the COG0523 family (Tery_4617),
and Synechococcus sp. WH8102, which contains two Zur boxes
upstream of a gene encoding a potential bacterial metallothionein
(SYNWO0359) — both groups of proteins are discussed below.

Very recently, Napolitano et al. (2012) studied the response of
Anabaena sp. PCC7120 to zinc starvation. Aided by gel shift assays
and a deletion mutant, the product of the all2473 gene, previously
designated FurB and thought to be involved in the response to
oxidative stress (Lopez-Gomollon et al., 2009), was identified as
a true Zur. Several gene clusters that contain putative Zur boxes
were shown to be regulated by changes in zinc levels in this organ-
ism. The expression of four categories of proteins was regulated
by Zur: (i) zinc-free paralogs of zinc proteins, (ii) putative met-
allochaperones of the COGO0523 family, (iii) ABC transporters
including a predicted ZnuABC system, and (iv) outer-membrane
proteins, particularly TonB-dependent receptors. A 7-1-7 palin-
dromic DNA sequence to which Zur bound with high specificity
was also determined, and agrees well with the Zur box consensus
motifs shown in Figure 5. The protein sequence of the all2473
product clusters with those predicted by us to be Zurs (Figure 3),
and the four residues predicted to be involved in zinc-sensing are
also conserved in the all2473 protein.

MEMBERS OF THE C0G0523 FAMILY AND ZINC

In our earlier work (Blindauer, 2008b), we noted that the genome
neighborhood of putative zur and znuABC genes in numerous
genomes from cyanobacteria harbored genes that were anno-
tated as “Putative GTPase, G3E family”, “Cobalamin synthesis
protein/P47K”, or “CobW”. The latter protein is a cobalt chap-
erone that is part of the machinery for Vitamin B12 synthesis,
and at the time, this raised the question whether our putative
zinc-related genes might actually be involved in the regulation
and transport of cobalt. In the meantime however, Haas et al.
(2009) have conducted a thorough analysis of the COG0523 fam-
ily (Leipe et al., 2002) to which CobW belongs. All members of
COGO0523 have a P-loop GTPase domain, and are thus also related
to nickel-chaperones of the G3E family with the same domain that
are involved in the maturation and assembly of urease (UreG),
and hydrogenase (HypB), as well as to the iron-chaperone Nha3
required for maturation of nitrile hydratase. G3E family proteins,
and by inference, COG0523 proteins, function as either insertases —
proteins that perform energy-requiring metal insertion into target
proteins — or as cytosolic storage and transport devices for metals
(=metallochaperones), or both.

The COG0523 members are composed of two domains, a
well-conserved N-terminal GTPase domain, and a more vari-
able C-terminal domain. They have been categorized as segmen-
tally variable genes (Haas et al., 2009), and this points toward
a role in adaptation to environmental stresses and/or variability,
and indicates development of binding specificity for other pro-
teins or small molecules. Haas et al. note that “the COG0523
family is a striking example of systematic homology-based mis-
annotation” — a specific function (in this case a role in cobalamin
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biosynthesis) being assigned even though the level of sequence
similarity does not support this conclusion. We would add that
such mis-annotation is certainly rife in the case of gene annota-
tion for metal-binding proteins. The fact that many Zur proteins
are annotated as Fur is another example of this problem, and issues
surrounding the annotation of ABC-type transporters and metal-
transporting ATPases have been discussed elsewhere (Blindauer,
2008b).

Importantly, the theoretical and experimental studies of Haas
et al. as well as the work of other groups (Gabriel et al., 2008)
strongly suggested that a subset of COG0523 proteins is involved
in zinc homeostasis. The most prominent member of zinc-related
COGO0523 is probably Bacillus subtilis YciC (Gabriel et al., 2008); it
has been established that its expression is under the control of Zur,
leading to upregulation when zinc is scarce. It is suggested that the
expression of zinc-related COG0523 proteins may provide advan-
tages under conditions of poor zinc nutrition — obviously, these are
conditions always present for open-ocean cyanobacteria. Unfortu-
nately, no suitable studies at the protein level seem to be available
for any COG0523 member, so although a link to zinc deprivation
is solidly established at the transcriptional level, it is not known
whether and which metal ion these proteins bind either in vitro or
in vivo. Whilst the requirement of metallochaperones for copper,
nickel, and cobalt can be easily understood, as the target proteins
for whose assembly they are required are few and well identified, a
similar scenario for zinc has been deemed unlikely, as it is thought
that even in bacteria, there are too many destinations for zinc, so
the tenet that there is one chaperone per metalloprotein is incon-
ceivable. Hence, two hypotheses have been put forward regarding
the role of the zinc-related COG0523 members (Haas et al., 2009):
(i) they are up-regulated to function in the recruitment and supply
of a metal ion that is not zinc to metalloproteins — the latter may
be either normally zinc-requiring or a different paralog — (ii) these
COGO0523 proteins may be involved in the (re-)allocation of zinc
when this becomes necessary.

Sequence analysis of cyanobacterial COG0523 proteins
(Figure 7; FiguresS3 and S4 in Supplementary Material) illus-
trates characteristic features, for example a well-conserved GCxCC
motif which has been suggested as potential metal-binding site
previously (Haas et al., 2009); however, its location in a f strand
makes this less likely (see below and Figure 8). Another intrigu-
ing feature is the insertion of stretches with repetitive HHX, and
HXH motifs of up to 70 amino acid residues in total. These
His-rich stretches have been suggested to be hallmarks for met-
allochaperone activity of G3E GTPases. In the COG0523 subset
we have analyzed 115 out of 150 proteins (77%) display such
stretches. The phylogenetic tree for cyanobacterial COG0523 pro-
teins (Figure 6) is roughly split into three major branches, each
of which is divided into two sub-branches. Phylogenetic analysis,
together with analyses of genome contexts (Figure 4), suggests
that phylogeny and metal specificity are not congruent — in agree-
ment with the findings of Haas et al. who defined 15 phylogenetic
sub-groups for COG0523 members, with links to zinc homeostasis
found in several sub-groups, and various sub-groups containing
representatives with links to several different metal ions. A strong
link to znuABC- and zur-containing gene clusters is present in one
branch (1a) of the phylogenetic tree (Figure 6) for sequences from

Prochlorococcus and Synechococcus sp. WH8102. Analysis of the
genome environment for these sequences reveals co-localization
of COGO0523 with a WD-40 repeat gene (Figure 4). This associa-
tion is also strongly conserved for other members in this branch,
although the functional significance of the WD-40 repeat protein
is unclear. Interestingly, COG0523 sequences of branch la con-
tain long inserts (ca. 150 aa), distinct from those described above,
as they are not particularly rich in His residues (Figure 7). Sec-
ondary structure prediction for these inserts suggests the presence
of four to six B-strands and one or two short a-helices. It is con-
ceivable that this insert forms an additional domain in its own
right, though no similarity to any known domains was found in
an InterPro-scan search.

There is currently only one X-ray structure available for a
COGO0523 protein — the YjiA protein from E. coli (Khil et al., 2004).
According to the analysis by Haas et al. (2009) YjiA belongs to their
subgroup 9, for which no clear association with any particular
metal ion was reported. The crystal structure (pdb 1N]JI) also does
not contain any metal ions, but considering that the structure is a
product of a structural genomics effort, this may not be surprising.
Analysis of potential metal sites in the structure using the CHED
server (Levy et al., 2009) revealed the presence of two surface-
exposed sites with potential for metal-binding; these are both in
the GTPase domain and are composed of H23, E27, and H29, and
D52, D79, and D82.

We were interested to see whether it would be possible to pin-
point distinguishing elements that would indicate metal-binding
capacity, with the help of homology models for COG0523 proteins.
We therefore chose BOCCJ8_ACAMI1 from Acaryochloris marina
that is present in branch 1 as a target for comparative model-
ing. The respective AM1_3031 gene is next to a WD-40 repeat
gene and also in the neighborhood of a zur gene (Figure 4). In
addition, we modeled BOCD]7_ACAM], since the gene for this
protein (AM1_3070) is co-localized with a putative znuABC sys-
tem (Figure 4). The sequence for this protein is located in branch
3b of the phylogenetic tree and is highlighted in Figure 6. Several
other closely related sequences from the same organism (includ-
ing some plasmid-encoded sequences) are present in all three
branches, but none of these occurs in a zinc-related genomic
context. The two models are shown in Figure 8. Beside a His-
rich loop between the two domains that also contains two Asp
and a Cys residue, there are no further recognizable metal sites
in BOCDJ7_ACAML1. In contrast, BOCCJ8_ACAMI1 has a much
shorter loop comprising only two His and several Asp and Glu
residues that might bind a metal. Other branch 1b members also
contain this short loop, but so do some representatives from the
other sub-branches. The model also displays two further potential
metal sites composed of D132, H135, and H139, and E210, D212,
and E300, as identified using the CHED server, but only D132
and H135 are conserved within the branch, questioning the sig-
nificance of these sites. The quest for the true metal-binding sites
and the mode of action of the zinc-related COG0523 proteins
remains open.

INTRACELLULAR HANDLING: METALLOTHIONEINS (BmtAs)
Metallothioneins, small proteins with a high content of cysteine
with the capability to bind multiple metal ions in metal-sulfur
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FIGURE 6 | Phylogenetic tree for COG0523 family members. The rectangular tree including bootstrap statistics can be found Figure S4 in
phylogenetic tree for cyanobacterial COG0523 family members was Supplementary Material. The sequence of E. coli YjiA, the only COG0523
generated in MEGAb using the maximum likelihood method with the JJT member for which an experimentally determined structure is available, was
substitution model. Bootstrap values are the result of 1000 replications. also included in the tree. Entries with a genomic context linked to zinc
Sequences are labeled with UniProt accession numbers; the actual homeostasis are highlighted in purple (also see Table 1). Sub-branches are
sequences are documented Figure S3 in Supplementary Material, and a labeled and discussed in the main text.

clusters, were initially reported as cadmium-binding proteins in
the livers and kidneys of mammals (Kigi, 1991). In the five

decades since their discovery (Margoshes and Vallee, 1957), genes
encoding metallothioneins have been identified in virtually all
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FIGURE 7 | Examples of the six sub-groups of COG0523 family
members. All four homologs from Prochlorococcus marinus
CCMP1375 are shown, as well as two sequences from Acaryochloris
marina, structural models of which are shown in Figure 8. A further A.
marina representative from branch 2b and the potentially Zurregulated
representative from Trichodesmium erythracum (locus tag Tery_4617,
see text) have also been added. The sequences are labeled with their
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location in the phylogenetic tree (see Figure 6). The first three rows
correspond to the GTPase domain. This is followed by a highly variable
section. Group 1a is characterized by ca. 150 aa long inserts with no His
residues. Inserts of medium length are found for some representatives
of group 3. Very short linkers between the N-terminal GTPase domain
and the C-terminal domain (which is relatively well-conserved again) are
found in all three major groups.

phyla, and numerous studies regarding their biophysical prop-
erties (Blindauer and Leszczyszyn, 2010) and biological func-
tions (Davis and Cousins, 2000; Cobbett and Goldsbrough, 2002;
Klaassen et al., 2009) have been carried out. It has become clear
that their main function is not restricted to cadmium detoxifi-
cation nor to responses to other chemical and physical stresses.
At least for vertebrates, it is now accepted that they also play a
more general and essential role in zinc homeostasis (Maret, 2009;
Colvin et al., 2010), and that they constitute an important link
between cellular redox state and zinc signaling networks (Maret,
2011).

The presence of metallothionein-like proteins in bacteria (for
recent reviews see (Blindauer, 2009, 2011) was first indicated
in 1979, namely in the marine cyanobacterium Synechococcus

RRIMP N1 (Olafson et al., 1979). So-called “pseudo-thioneins”
were also discovered in cadmium-adapted Pseudomonas putida
(Higham et al., 1984). The first gene for a bacterial metalloth-
ionein, smtA, was isolated from Synechococcus sp. PCC 7942
(Robinson et al.,, 1990), and was shown to be regulated by
the zinc-sensing transcriptional repressor SmtB. Phenotypically,
smtA knock-out mutants are hypersensitive to Zn*t, and to
a lesser extent to Cd?T, with no effect on tolerance to other
metal ions (Turner et al., 1993), even though smtA transcription
is stimulated not only by Zn?>* (which is by far the strongest
inducer) and Cd**t, but also Hg2+, Cu?t, Co?*, Cr3, and
Ni?* (Huckle et al., 1993). Moreover, SmtA expressed in E. coli
was shown to bind not only zinc and cadmium, but also cop-
per and mercury (Shi et al., 1992). Considering that SmtB is
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\/
short loop D132, H135, H139

FIGURE 8 | Structural models for zinc-related COG0523 proteins from
Acaryochloris marina. (A) BOCCJ8_ACAM1 (AM1_3031). (B)
BOCDJ7_ACAM1 (AM1_3070). The N-terminal GTPase domains are shown on
the right hand side, the C-terminal extension that distinguishes COG0523
members from other metal-related G3E GTPases is shown on the left hand

His-rich loop

side. The cysteines forming CCXC motifs in the GTPase domain are also
shown; their location in a B-strand makes their involvement in metal-binding
unlikely in these structures, as their sulfurs are too far apart. C69 and H34 in
BOCCJ8_ACAM1 are within >4 A of each other, but no other potential
metal-binding residues are nearby.

clearly a Zn®>*-responsive metal sensor (Turner et al., 1996), the
documented responses to other metal ions may be mediated
indirectly, by displacement of Zn from proteins by these metal
ions.

As soon as the protein sequence of what was later to be called
SmtA was available, it was clear that apart from the high cysteine
content, there was very little sequence similarity between previ-
ously characterized metallothioneins and their bacterial counter-
parts (Olafson et al., 1988). However, it should be made clear
that this statement is essentially true for all MTs from different
phyla (Blindauer and Leszczyszyn, 2010). For example, in the ani-
mal kingdom, the sequences from MTs from nematodes, snails,
earthworms, and vertebrates are so divergent that it is not pos-
sible to demonstrate a clear evolutionary relationship. To some
extent, this is due to their small size, their low level of complex-
ity, and the absence of a defined protein fold. The latter feature is
also reflected in the fact that the folding of MTs is dominated by
the formation of the metal-sulfur clusters, and unless the “cor-
rect” complement of metal ions is bound, MTs do not adopt
well-defined conformations.

In that sense, bacterial metallothioneins of the BmtA type
are an exception — they contain a clearly identifiable zinc finger
fold (Blindauer et al., 2001, 2002; Blindauer and Sadler, 2005;
Figure 9A), and it has been demonstrated experimentally that the
constituents of this fold (residues 7-38) form an ordered, folded
structure, even if only one Zn?* ion is bound to SmtA (Leszczyszyn
etal.,2007a). Another “special feature” that is becoming less excep-
tional as more and more MTs from other phyla are being studied,
is the presence of aromatic residues, including histidines, the latter
often with a direct involvement in metal-binding (Blindauer et al.,
2007; Leszczyszyn et al., 2007b; Blindauer, 2008a; Peroza et al.,
2009; Zeitoun-Ghandour et al., 2010).

The high abundance of cysteine residues are the cause of the
high thermodynamic stability of MT complexes with soft! metal
ions such as Cu™ and Cd**, and these tend to bind more strongly
to MTs than Zn?*, which is classified as a borderline metal ion. It
should however be noted that thermodynamic stability is not nec-
essarily a criterion to determine which metal ions are handled by a
particular MT (or indeed a particular protein) in vivo. If the metal-
lated protein has not been obtained in its natively metallated form
from the natural source, it is important to take into account infor-
mation on which metal ion(s) induce(s) MT gene transcription
most strongly, whether the protein confers tolerance against a par-
ticular metal ion, and also on how well-folded the protein is in the
presence of different metal ions. Bofill et al. (2009) have compiled
large amounts of biophysical data on recombinantly expressed
MTs from a variety of species, and have suggested that there are
clear Cu-MTs and Zn/Cd-MTs, as well as MTs between these two
extremes with less well-defined metal preferences.

SmtA is thought to be a prototypical Zn-MT. To some extent,
this is indeed also reflected in the in vitro properties of the
protein: the zinc finger site and fold require a four-coordinate
metal ion — which excludes Cu™ as it prefers trigonal or linear
coordination modes with thiolate ligands. In addition, the two
His-containing metal sites augment the relative affinity for Zn**
compared to Cd>™, although this is certainly not their sole pur-
pose (Blindauer et al., 2007). Nevertheless, SmtA folds equally
well in the presence of four Zn (Blindauer et al., 2001) or four
Cd (Blindauer et al., 2008) ions, or any mixture thereof, a fea-
ture that greatly facilitated the determination of its 3D structure.

IThe terms “soft” and “borderline” refer to Pearson’s HSAB principle: Pearson
(1990).
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9 14
----MT'STTLVKCACEPCLCNVDPSKAIDRNGLY¥CSEACEDGHT GGSKGC-GHT GCNCHG--
----MTTVTQMKCACSSCLCVVSLTEAI EKNGQY¥CSNACEDGHPNGT -GC-GHAGCGCHN -~

Syn. sp. PCC_7942
Oscillatoria sp. PCC6505
Lyngbya sp.

Crocosphaera watsonii
Microcoleus chthonoplastes
Syn. sp. WH8109

Syn. sp. WH5701_11034
Syn. sp. WH5701_11219
Syn. sp. CC9605_1444124
Syn. sp. CC9605_1955631
Syn. sp. CC9605_2391607

FIGURE 9 | Structural features of bacterial metallothioneins. (A)
NMR solution structure of Zn,SmtA. Residues important for the zinc
finger fold and metal ligands are highlighted. (B) Selected primary
sequences of BmtAs from marine cyanobacteria. The level of
conservation is different for different metal sites. Site A, the zinc finger
site, is fully conserved, as it is required for structural stability.

----MSAVTQMKCACESCLCVVSLENATIKKDGKP¥CSEAC]
--MSTATMTQMKCACPSCLCIVNISDAVANNGQY¥CCDACENGQPNCP-GC-SHDGCNCQA -~
----MTTATQT QCACDSCACMVSTDSAVQKDGKY¥CSDAC
—————— MAAAAPCACPRCTCEVQSSQALVRDGQSECSDAC
—————————— MQCACPGCHCTVKPDSPFRVGALLECSVVCEKGHPNGE-PCH--ASCGCECHG
MITTLEKPTALQCACPGCHCTVKTDTAFRSGTLLECSDAC
————— MAPAN-PCACPRCTCEVQASQVVVRDGQSECSEAC
————— MPIANQKCACEPCSCSVYPEKAVQKD-KIN¥CSQPC@DGHAGEE-QCC--SSCDCC- -~
—————— MTTNHPCACEPCGCCVNPEKAIEKEGKI¥CSQPCDGHAGDE-QCC--SSCSC-—-—

32 36 40 49 54

GHPNGS-GC-GHTGCTCGS--

GHPNGA-GC-GHSGCECHA--
GHPNHE-PCHGSGSCGCACAE

GHPNGE-PCH--AGCGCECHG
GHPNHE-PCHGSGSCGCTCAE

Conservation is also high for residues Y31 and A37; these mediate a
CH-r interaction between B hairpin and a-helix. The least conserved site
is site C, which is also the “business end” of BmtAs, i.e., the site that (in
SmtA) releases zinc most readily (Leszczyszyn et al., 2007a). It is
envisaged that the high variability of this site may allow to fine-tune the
metal-binding and -release properties of different SmtAs.

Although no in-depth study of SmtA (or any other BmtA) loaded
with copper ions has so far been carried out, recombinant expres-
sion of SmtA in the presence of added copper yielded samples
with only ca. 1.5 copper ions bound, whereas contents of Cd*™,
Hg?*, and Zn?* varied between ca. 4 and 6 when the respec-
tive metal ion was added to the culture medium (Shi et al.,
1992).

An analysis of the genomes of all marine cyanobacteria reveals
that 14 out of 33 sequenced genomes contain one or more genes for
a BmtA (Table 1; Figures 9B). The BmtA sequences were retrieved
using a protein vs. DNA TBLASTN search with the Synechococcus
sp. PCC 7942 sequence as query and the six-frame translations of
the genomic nucleotide databases. This is necessary to ensure that
all BmtAs are captured, as due to their small size, BmtA ORFs are
easy to overlook. This is illustrated by the fact that bmtA genes
are not annotated in the genomes of Microcoleus, Cyanobium, and
Crocosphaera watsonii, all of which are in their “Draft” stage, but

they have also been overlooked in the finished genome and plasmid
sequences of Acaryochloris marina.

In a select few genomes (Synechococcus sp. PCC 7002, Oscil-
latoria sp. PCC 6506, and the genome as well as pREB2 and
PREB6 plasmids of Acaryochloris marina) BmtAs occur in a clus-
ter together with SmtB. On the latter two plasmids, a COG0523
homolog is also nearby. In the Synechococcus sp. WH5701 genome,
both BmtAs are annotated, and WH5701_11219 (the latter num-
ber refers to the first base of the start codon) is located near a
CsbD-like protein, thought to be involved in the general stress
response, a Cd/Co/HG/Pg/Zn-transporting ATPase, and the per-
mease and ATPase components of an ABC transporter, but since
no periplasmic component is present in the vicinity, the specificity
for this transporter cannot be predicted.

Several of the benthic strains also have SmtB homologs, for
example Microcoleus chthonoplastes and Lyngbya (in a cluster with
ZiaA), and Nodularia spumigena (intriguingly in a gene cluster
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with an ABC transporter), but even though several open-ocean
and coastal marine Synechococcus (WH8102, WH8109, WH7803,
CC9311, CC9605) have genes for BmtA, there are no identifiable
SmtB or other known zinc excess sensors present. Therefore, it
remains unclear how the expression of these metallothionein genes
is regulated, although the discovery of two Zur boxes upstream of
BmtA in Synechococcus sp. WHB8102 gives rise to the suggestion
that this strain might use its metallothionein in response to zinc
limitation rather than excess.

We note that although the prototype smtA clearly responds
most strongly to zingc, and the SmtA protein can be considered a
“zinc-metallothionein,” this may not necessarily hold true for all
homologs from marine strains. Since the concentrations of Cd**
can be significant in various natural seawaters, the marine BmtAs
may also help with dealing with this metal ion — potentially both
for preventing toxicity as well as in preparation for utilization as
a cofactor. Cd also has a nutrient-like profile in stratified marine
waters, and there are several precedents where marine phytoplank-
ton have been found to utilize Cd instead of Zn (Lane et al., 2005).
If this was also common in marine cyanobacteria, BmtAs may
be part of this utilization network. Furthermore, it can also be
envisaged that some BmtAs may play a role in defense against
oxidative stress, as shown for metallothioneins from other species
(Zeitoun-Ghandour et al., 2011).

Finally, it should be highlighted that cyanobacteria are not
the only marine microorganisms with metallothioneins. Several
y-proteobacteria of the genus Nitrosococcus also harbor bmtA
genes in their genomes, and additional bmtA sequences can also
be retrieved from marine metagenomes (Blindauer, 2008b), sug-
gesting that many more marine bacterial species utilize these
proteins.

CONCLUSION

At the time of writing this report (December 2011), there were 64
cyanobacterial genomes available, 35 of them from marine species.
Genome annotation must, ultimately, be based on experimental
evidence, and we have seen that there is a persistent shortfall of
reliable information regarding function of predicted proteins. This
is a general problem, witnessed by the large number of hypothetical
proteins even in finished genomes, but even in the case of well-
defined protein families, annotations regarding metal specificity
have to be approached with caution. Our discussions emphasize
that sequence similarity alone does not hold the key to determine
metal specificity, but we believe that, amongst other approaches,
the generation of more sound data at the protein level is central to
refine our ideas about how metal homeostasis works.

With this caveat in mind, we are highlighting in the following
some salient points from our analyses. The ubiquitous presence
of bona-fide Zur and ZnuABC systems — both thought to be
involved in responding to a lack of cellular zinc — in all strains we
have studied suggests that these cyanobacteria are at the very least
capable of utilizing zinc. The identification of putative Zur boxes
in several genomes we and others have inspected also suggests
that zinc levels are an integral part of the metabolic network of
marine cyanobacteria. Nevertheless, an absolute requirement for
zinc has not been demonstrated experimentally for any cyanobac-
terium — in the few instances where this has been studied, only

small reductions in growth rates were observed. This may indicate
that marine cyanobacteria have either very low zinc requirements,
or extremely efficient uptake mechanisms, or both, enabling them
to thrive at extremely low free zinc concentrations. It would hence
be interesting to study whether cyanobacteria that are growing at
such extremely low zinc concentrations actually contain any zinc,
and if so, what the ratio of bio-accumulation is.

Genes for zinc excess sensors appear to be absent from the
genomes of open-ocean strains (Blindauer, 2008b), but other
strains including Microcoleus chthonoplastes, Synechococcus sp.
PCC 7002, and Oscillatoria sp. PCC 6506 have clear SmtB
homologs. Although the coastal strain Synechococcus sp. CC9311
does not appear to have SmtB, it not only has four BmtA homologs,
but also a putative CzrA efflux pump that is thought to be able to
transport zinc (and cobalt). Together with at least one ZnuABC
system and a putative ZIP transporter for uptake, as well as at least
one zinc-related COG0523 protein, this strain is expected to cope
well with both zinc excess and scarcity.

The suggestion that metallothioneins in marine Synechococcus
(e.g., WH8102) may be under the control of Zur is exciting. Whilst
this finding may at first seem counterintuitive, it suggests that, also
in (some) bacteria, metallothioneins are not just devices to combat
metal toxicity, but may play a more central role in essential zinc
homeostasis. This hypothesis has been raised before (Robinson
etal., 2001; Blindauer, 2009), and this newly identified association
between Zur and BmtA provides support.

METHODS

Sequences of Fur-family proteins were retrieved from cyanobacte-
rial genomes using BLAST (Altschul et al., 1997). Briefly, GenBank
files were retrieved for each genome and all protein sequences were
extracted using BioPerl (Stajich et al., 2002) and a custom BLAST
database was created for each genome. Fur-like proteins were
identified using the three Fur-like proteins previously identified
in Synechococcus sp. CC9311 as queries (accessions YP_730377.1,
YP_732019.1, and YP_730926.1) with an e value cutoff <1075,
Any duplications were removed and amino acid sequences were
aligned using cLusTaLw (Larkin et al., 2007). The Fur amino acid
sequence from Escherichia coli and Synechocystis sp. PCC 6803,
along with Zur from Streptomyces coelicolor, Mycobacterium tuber-
culosis, and Synechocystis sp. PCC 6803 were extracted from the
Protein Data Bank”. Phylogenetic analysis was carried out in MEGA
version 5 (Tamura et al., 2011).

Sequences for COGO0523 family proteins were collected by
searching the fully sequenced and annotated cyanobacterial pro-
teomes plus all sequences from Oscillatoria sp. PCC 6506, Lyngbya
sp. PCC 8106, Microcoleus chthonoplastes sp. PCC 7420, Nodu-
laria spumigena sp. CCY9414, Crocosphaera watsonii WH 8501,
and Trichodesmium erythraeum IMS101 from UniProt with the
Pfam PF07683 Hidden Markov Model using HMMER4 with stan-
dard cutoffs. The collated sequences were filtered for fragments
and aligned in yaALviEw and MuUscLE v.3.8 (Edgar, 2004), and were
manually adjusted where necessary.

Zhttp://www.rcsb.org/
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Gene Ortholog Neighborhood analyses were performed using
the respective resource on the Integrated Microbial Genome Server
(Markowitz et al., 2010).

Comparative modeling was carried out using Modeller ver-
sion 9.7 (Eswar et al., 2008). A dimeric assembly of Streptomyces
coelicolor Zur was generated from the two B chains in the orig-
inal pdb file (3MWM; Shin et al., 2011) using PISA3 (Krissinel
and Henrick, 2007). This dimeric structure was used as a tem-
plate for modeling the putative Zur from Prochlorococcus marinus
CCMP1375 (locus tag Pro1502). Template and model sequences
were aligned manually. Sidechains and improper dihedrals were
optimized with scwrL 3.0 (Wang et al., 2008). Inspection of ini-
tial models and sequence alignments suggested that Cys98 may
be a zinc ligand; this residue is highly conserved in all putative
Zur sequences from cyanobacteria (See Figure S2 in Supplemen-
tary Material). Hydrogens, Zn ions, and metal-ligand bonds were
added in MOE v. 2004.03. Energy minimization of the final
model was performed in MOE using a customized Amber94
force-field. Final structures were validated using the WHATIE
server?. Structural images (Figures 2, 8, and 9) were generated
with moLmoL v.2K.2 (Koradi et al., 1996). A similar strategy was

applied for modeling two putatively zinc-binding representatives
of the COG0523 family based on the E. coli protein as a tem-
plate (pdb-entry 1NIJ). The target template sequence alignment
made use of the HHPRED (Soding et al., 2005) fold recognition
server.
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INTRODUCTION

Fluxes of greenhouse gases to the atmosphere are heavily influenced by microbiological
activity. Microbial enzymes involved in the production and consumption of greenhouse
gases often contain metal cofactors. While extensive research has examined the influ-
ence of Fe bioavailability on microbial CO, cycling, fewer studies have explored metal
requirements for microbial production and consumption of the second- and third-most
abundant greenhouse gases, methane (CHgz), and nitrous oxide (N,O). Here we review
the current state of biochemical, physiological, and environmental research on transition
metal requirements for microbial CHz and N2 O cycling. Methanogenic archaea require large
amounts of Fe, Ni, and Co (and some Mo/W and Zn). Low bioavailability of Fe, Ni, and Co
limits methanogenesis in pure and mixed cultures and environmental studies. Anaerobic
methane oxidation by anaerobic methanotrophic archaea (ANME) likely occurs via reverse
methanogenesis since ANME possess most of the enzymes in the methanogenic path-
way. Aerobic CHy4 oxidation uses Cu or Fe for the first step depending on Cu availability, and
additional Fe, Cu, and Mo for later steps. N, O production via classical anaerobic denitrifica-
tion is primarily Fe-based, whereas aerobic pathways (nitrifier denitrification and archaeal
ammonia oxidation) require Cu in addition to, or possibly in place of, Fe. Genes encoding
the Cu-containing N, O reductase, the only known enzyme capable of microbial N,O con-
version to Ny, have only been found in classical denitrifiers. Accumulation of N,O due to
low Cu has been observed in pure cultures and a lake ecosystem, but not in marine sys-
tems. Future research is needed on metalloenzymes involved in the production of N, O by
enrichment cultures of ammonia oxidizing archaea, biological mechanisms for scavenging
scarce metals, and possible links between metal bioavailability and greenhouse gas fluxes
in anaerobic environments where metals may be limiting due to sulfide-metal scavenging.

Keywords: methane, nitrous oxide, microbes, metals, enzymes

built wastewater and sewage treatment plants where methanogens

With increasing concern about the future impacts of global cli-
mate change, a detailed understanding of the sources and sinks
of greenhouse gases is essential to mitigating their environmental
impact. Although CO, is the most abundant greenhouse gas, many
other climatically important gases exist (Montzka et al., 2011).
The second- and third-most abundant naturally produced green-
house gases are methane (currently ~1.8 ppm; Heimann, 2011)
and nitrous oxide (currently ~322 ppb; Montzka et al., 2011) and
are ~25x and 300 x more efficient at absorbing infrared radiation
than CO,, respectively. Furthermore, CHy is oxidized to CO; in
the atmosphere, contributing to rising CO; levels. N, O has a very
long residence time in the atmosphere (120 years) and reacts with
atomic O to form nitric oxide (NO), which is involved in ozone
destruction (Montzka et al., 2011).

Both humans and microbes play important, and often inter-
woven, roles in the production of CH4 and N,O. Humans
have bred and expanded the habitats of ruminants that contain
methanogenic archaea in their guts, cultivated rice paddies, and

proliferate. Humans have also extensively applied inorganic N
as fertilizer to agricultural soils, leading to increased microbial
N,O emissions in soils, wetlands, and coastal hypoxic zones
(Schlesinger, 2009). Understanding the controls and regulation of
microbial greenhouse gas emissions is therefore fundamental to
quantifying and managing both natural and anthropogenic fluxes
of these gases.

This review will focus on two potent greenhouse gases, CHy
and N, O, both of which are produced as natural by-products of
microbial energy-generating metabolisms. CHy is the final prod-
uct of the anaerobic degradation of organic matter, whereas N,O
formation results from incomplete conversion of nitrate or nitrite
to N. At the heart of the pathways that generate these gases are
enzymes that catalyze redox reactions. Many of these enzymes
contain transition metals as cofactors for electron transport or
as catalytic centers at active sites. Important transition metals in
the pathway of CHy production (methanogenesis) and anaerobic
methane oxidation include Fe, Ni, Co, Mo/W, and Zn, whereas
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aerobic (and intra-aerobic) methanotrophy and N, O production
require Fe-, Cu-, and Mo-containing proteins. Only one protein,
the Cu-rich nitrous oxidase reductase, is known to reduce N, O to
N,. Physiological studies of pure cultures have shown that opti-
mal metal concentrations for microbial metabolism are orders of
magnitude higher than in situ concentrations in most aquatic envi-
ronments. These findings lead to the question: are some microbes
perennially metal-limited in nature? If so, does metal availability
exert influence on the flux of greenhouse gases? If not, what mech-
anisms do microbes use in natural environments to acquire trace
metals?

Previous environmental studies of metal requirements for
microbes have largely focused on those microbes directly involved
in CO; cycling, principally phytoplankton that consume CO; dur-
ing photosynthesis. Driving these studies was the “Fe hypothesis”
by John Martin positing that CO,-consuming marine phyto-
plankton could be fertilized by Fe (Martin and Fitzwater, 1988).
Far less attention has been aimed at metal requirements for
microbes involved in the cycling of non-CO, greenhouse gases,
although many of these organisms also live in ecosystems with
very low metal bioavailability. A notable exception is the enor-
mous wealth of literature generated by the wastewater scientific
community about metal (particularly Fe, Ni, and Co) controls on
methanogenesis in anaerobic digesters (see Demirel and Scherer,
2011).

The purpose of this article is to review the current state of
literature on the metalloenzymes and trace metal physiology of
organisms involved in CH4 and N, O processing. In each section,
we discuss environmental studies if they exist and compare metal
concentrations for optimal growth of pure cultures to measured
values of trace metals in natural environments. In the final sections
of the article, we compare the metal requirements of microbes
involved in the CH4 and N,O cycles and discuss future research
directions. Readers are referred to previous reviews (Rogers and
Whitman, 1991; Conrad, 1996) for other aspects of microbial
controls on greenhouse gas cycling.

METHANOGENESIS

Methanogenesis is the microbial process whereby CO,, acetate, or
methyl-compounds are converted to methane in order to generate
ATP through the build-up of a sodium ion or proton gradient. All
methanogens are in the Euryarchaeota phylum (Whitman et al.,
2006) and account for 75-80% of the annual global production of
CH4 (IPCC, 2007). Approximately two-thirds of biologically pro-
duced CHy is generated by aceticlastic methanogens that oxidize
the carbonyl group of acetate to CO, and reduce the methyl group
to CHy (Rogers and Whitman, 1991; Ferry, 2010b). The remain-
ing one-third of biogenic methane is produced by reduction of
CO, with electrons from H; or formate and the conversion of
methyl groups from compounds such as methanol, methylamines,
and dimethylsulfide. Therefore, methanogenesis is divided into
three pathways: hydrogenotrophic (i.e., CO; reduction), aceticlas-
tic (acetate disproportionation), and methylotrophic (Cl1 utiliza-
tion). The three pathways differ in the enzymes used to generate
methyl-tetrahydro(methano/sarcina)pterin  (CH3-H4(M/S)PT),
the intermediate common to all pathways, but converge in the
last two steps used to generate CHy (Ferry, 2010b).

In the first section we review the metal inventory of metal-
loenzymes in each of the three pathways. This is not intended
as a definitive review as many of these enzymes are still under-
studied and more complete reviews of methanogenic enzymes
are available (Thauer, 1998; Thauer et al., 2008, 2010). Instead,
our goal is to estimate the transition metal stoichiometry of the
three methanogenic pathways, illustrated in Figure 1. In the next
section we discuss physiological studies of the metal requirements
for methanogenesis and relate these findings back to the metal
content of each pathway. Pure culture, anaerobic digester, and
environmental studies are reviewed. Lastly, a summary of pre-
vious studies examining metal requirements for methanogenesis
is provided, and topics warranting further research are discussed.
This general format is also used in the sections on methanotrophy
(see Methanotrophy) and nitrous oxide cycling (see Nitrous Oxide
Production and Consumption).

METALLOENZYMES IN METHANOGENESIS

Methanogenesis is one of the most metal-rich enzymatic pathways
in biology (Zerkle et al., 2005). Depending on the pathway, exact
metal requirements may differ, but the general trends remain the
same: Fe is the most abundant metal, followed by Ni and Co, and
smaller amounts of Mo (and/or W) and Zn. Fe is primarily present
as Fe-S clusters used for electron transport and/or catalysis. Ni is
either bound to Fe-S clusters or in the center of a porphyrin unique
to methanogens, cofactor F439. Co(balt) is present in cobamides
involved in methyl group transfer. Zn occurs as a single structural
atom in several enzymes. Mo or W is bound to a pterin cofactor
to form “molybdopterin” or “tungstopterin,” which catalyze two-
electron redox reactions. Other alkali metals and metalloids, such
as Na and Se, are essential for methanogenesis, but the discussion
here is limited to the transition metals. So far, no Cu-dependent
methanogenesis enzymes have been identified, which is striking
given the huge importance of Cu in aerobic methanotrophy (see
the Section “Aerobic Methanotrophy”). It is plausible that scarce
Cu in anaerobic early-earth marine ecosystems selected for use
of other metals (i.e., Fe, Ni, and Co) in primitive methanogens
whereas Cu was more bioavailable to aerobic methanotrophs after
the rise of atmospheric oxygen (Dupont et al., 2006, 2010; David
and Alm, 2010).

Most methanogen orders — Class I (Methanobacteriales,
Methanococcales, and Methanopyrales) and Class II (Metha-
nomicrobiales) — obtain energy by reducing CO; to CHy4 using
electrons from H, or in some cases formate (Anderson et al.,
2009). These methanogens do not contain cytochrome proteins,
in which Fe is bound to heme. Only one order of methanogens, the
Methanosarcinales (Class III), contain cytochromes and are capa-
ble of metabolizing a wider range of substrates for methanogen-
esis, including methanol, methylamines, methyl sulfides, acetate,
and/or CO, with H,. Members of the Methanosarcinales play a
key ecological role because the aceticlastic pathway is estimated to
account for two-thirds of biologically sourced methane (Rogers
and Whitman, 1991).

The Fe requirement for methanogenesis is vast: almost every
metalloenzyme involved in the pathway contains multiple Fe;S,,
FesS4, or FeySy clusters. The first enzyme in the CO; reduction
pathway, formylmethanofuran dehydrogenase (abbreviated Fmd
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FIGURE 1 | Metal content of metalloenzymes in the three pathways
of methanogenesis: H,/CO, (black arrows), aceticlastic (green
arrows), and methylotrophic (blue arrows). Each circle represents one
metal atom. Parentheses show varying metal content of a given enzyme.
Question marks mean that enzyme may not be present in all
methanogens (6x[Fe,S,] and 10x[Fe,S,]polyferredoxins are encoded in
the eha operon and a 14 x[Fe,S,]polyferredoxin is encoded in the ehb
operon). Abbreviations: CA, carbonic anhydrase; Cdh, carbon monoxide
dehydrogenase/acetyl-CoA synthase; Ech/Eha/Ehb/Mbh,

Ech/Eha/
Ehb/Mbh

CH,-H,(S/M)PT
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energy-converting hydrogenase; Fd, ferredoxin; Fmd/Fwd, Mo/W
formylmethanofuran dehydrogenase; Frh, F,,-reducing hydrogenase; Hdr,
heterodisulfide reductase; Hmd, Ni-free Fe hydrogenase; Mcr, methyl
coenzyme M reductase; Mta, methanol-coenzyme M methyltransferase;
Mtr, CHs-HsM(S)PT-coenzyme M methyltransferase; Vh(o/t)/Mvh, Ni-Fe
hydrogenase. For simplicity, only metalloenzymes are labeled. See the
Section “Metalloenzymes in Methanogenesis” for more details,
abbreviations for intermediates and enzyme substitutions that occur in
specific conditions and species.

for the Mo form and Fwd for the W form) can bind up to nine Fe4S4
clusters: one cluster in the Mo/W-pterin binding subunit and up

to eight additional clusters in polyferredoxin (Vorholt et al., 19965
Figure 1). It is likely that Fwd can bind additional Fe4S4 clusters
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(Ferry, 1999). Ferredoxins that transfer electrons from Hj to other
methanogenesis enzymes require additional Fe in the form of two
Fe4Sy clusters (Daas et al., 1994).

All hydrogenases involved in methanogenesis are Ni-Fe
enzymes that oxidize H, and reduce ferredoxin, coenzyme Fyy,
and other electron carriers (Thauer et al., 2010). The four different
types of Ni—Fe hydrogenases involved in methanogenesis all con-
tain abundant Fe. The energy-converting membrane-associated
hydrogenase [abbreviated Ech, Eha, Ehb, or Mbh depending on
the class of methanogen (Anderson et al., 2009)] contains three
Fe4S4 clusters and a Ni—Fe active site (Thauer et al., 2010), and can
contain additional polyferredoxin subunits with 6, 10, or 14 Fe4S4
clusters (Tersteegen and Hedderich, 1999; Figure 1).

Another Ni-Fe hydrogenase is used to reduce coenzyme F4y¢.
Coenzyme Fyyp, a flavin derivative that plays a critical role in two
intermediate electron-transfer steps in methanogenesis, is reduced
with Hj by the cytoplasmic hydrogenase Frh (Alex et al., 1990).
The Frh enzyme complex contains a Ni—Fe active site and four
Fe4S4 clusters (Figure 1), and forms large aggregates, multiplying
its metal requirements approximately eightfold (Fox et al., 1987).
Under conditions of Ni limitation, some methanogens without
cytochromes substitute Frh for a Ni-free Fe hydrogenase (Hmd)
to decrease Ni requirements (Afting et al., 1998). The Ni-free Fe
hydrogenase has a significantly lower Fe requirement, using only
two Fe atoms per complex (Zirngibl et al.,, 1992; Shima et al,,
2008; Thauer et al., 2010). When formate is used as an electron
source instead of Hj, Frh is replaced by formate dehydrogenase
(Fdh), which contains one Mo/W-pterin cofactor, two Zn atoms
and between 21 and 24 Fe atoms (Schauer and Ferry, 1986).

Co(balt)-containing methyltransferases are essential for
methanogenesis. All methanogens utilize the energy-conserving
CHj3-H4M(S)PT-coenzyme M methyltransferase (Mtr) to trans-
fer the methyl group from CH3-H4M(S)PT to HS-CoM. The Mtr
enzyme complex contains two cobamide cofactors (with one Co
each) and eight Fe atoms (Gartner et al., 1993). A wide range
of other Co(balt)-containing methyltransferases are required for
methyl coenzyme M formation in methylotrophic methanogens,
some of which contain additional metals (Thauer, 1998). For
instance, the methanol-coenzyme M methyltransferase enzyme
(Mta) expressed by methanol-utilizing methanogens contains one
Zn in addition to one cobalamin Co (Hagemeier et al., 2006).

Heterodisulfide reductase (Hdr) is an Fe-S and Zn-containing
enzyme that catalyzes the reduction of heterodisulfide (CoM-
S-S-CoB) to form HS-CoM and HS-CoB in the second-to-last
step in methanogenesis. In methanogens without cytochromes,
Hdr has three subunits (HdrABC) whereas methanogens with
cytochromes have a two-subunit protein (HdrDE; Hedderich etal.,
2005; Thauer et al., 2008). HdrABC contains seven Fe4Sy clus-
ters and one structural Zn atom (Hamann et al., 2007) and
forms a tight complex with the Ni-Fe hydrogenase Mvh, which
contains one Ni—Fe active site, one Fe,S, cluster, two Fe4S4 clus-
ters, one Fe3Sy cluster, and polyferredoxin with 12 FesS4 clusters
(Reeve et al., 1989; Figure 1). In Methanosarcinales, HArDE is
reduced by methanophenazine, a lipid-soluble electron, and pro-
ton carrier with very low redox potential. HdrDE contains three
Fe4S4 clusters, one heme b cofactor, and one structural Zn atom
(Heiden et al., 1994; Kiinkel et al., 1997; Simianu et al., 1998).

Methanophenazine is in turn reduced by the Ni-Fe hydrogenase
Vht/Vho, which contains one Ni—Fe center, two b-type hemes, one
Fe3Sy cluster, and two FesSy clusters (Deppenmeier et al., 1992;
Thauer et al., 2010). In the marine strain Methanosarcina acetivo-
rans, Vht/Vho is replaced by Rnf, which contains six Fe4Sy clusters
and no Ni, and uses reduced ferredoxin instead of H, (Li et al.,
2006; Ferry, 2010a).

Methyl coenzyme M reductase (Mcr), common to all
methanogenic pathways, catalyzes the final step in methanogen-
esis: the reduction of CH3-S-CoM to CHy and the formation of
CoM-CoB heterodisulfide with electrons derived from HS-CoB.
The crystal structure of Mcr has been solved and contains two
coenzyme Fy39 Ni tetrapyrroles (Ermler et al., 1997). Previous
studies have shown that the F439 content of cells is dependent on
cellular Ni content (Diekert et al., 1980, 1981; Lin et al., 1989).
Methanogens actively transport Ni and Co using ATP-dependent
uptake systems in order to fulfill enzymatic requirements (Jarrell
and Sprott, 1982; Baudet et al., 1988; Rodionov et al., 2006; Zhang
et al., 2009).

When grown on acetate, methanogens use two metalloenzymes
for the conversion of the methyl group from acetate to CHs-
H,4SPT, which differ from those used in CO; reduction and methy-
lotrophic pathways. The most metal-rich aceticlastic enzyme is
CO dehydrogenase/acetyl-CoA synthase (Cdh), which cleaves the
methyl group off of acetyl-CoA and transfers it to CH3-H4SPT.
The Cdh complex contains one FesS4 cluster bridged to an Ni-Ni
site (Funk et al., 2004), four FesSy clusters and a NiFesS4 cluster
(Gong et al., 2008), and reduces a 2x [Fe4S4]ferredoxin (Terlesky
and Ferry, 1988; Ferry, 2010b). The CO, by-product of Cdh is
converted to bicarbonate by an Fe-containing carbonic anhydrase
(CA) instead of the Zn-form, which is commonly in CAs from
other species (Macauley et al., 2009). Overall, the metal content of
enzymes involved in aceticlastic methanogenesis is similar to the
H,/CO, pathway (Figure 1). The Fe and Mo/W requirements are
likely lower in the aceticlastic pathway because the Fe-rich poly-
ferredoxins involved in the CO; reduction route are not present,
nor is Fmd/Fwd.

PHYSIOLOGICAL STUDIES OF TRACE METAL REQUIREMENTS FOR
METHANOGENESIS

Previous physiological studies of metals as micronutrients for
methanogenesis have been compromised by significant metal
contamination in growth vessels and sampling equipment. The
requirements for gas-tight material to maintain anaerobic con-
ditions has favored the use of glass culturing bottles with butyl
rubber stoppers and stainless steel needles for sampling, both of
which are notoriously dirty with respect to metals. In fact, Ni
requirements for methanogens were overlooked in early studies
due to the high Ni content (~10%) of stainless steel syringe nee-
dles. Dissolution of Ni in stainless steel needles by H,S in the
media supplied ample Ni for growth of methanogens on media
not supplemented with Ni salts (S. Zinder, personal comm, 2011;
Diekert et al., 1981; Whitman et al., 1982). The need for anaerobic
conditions excludes the use of acid-washed plastics, which have
extremely low metal contamination and are commonly used for
trace metal limitation experiments with aerobes, but are perme-
able to O, diffusion. To address these concerns, researchers have
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acid-washed glassware with sulfuric acid, treated butyl rubber
stoppers, and polypropylene pipet tips with NaHCO3;/EDTA and
covered cannula needles with Teflon tubing (Whitman et al., 1982;
Sowers and Ferry, 1985). Such methods were used in some, though
not all, of the studies reviewed in the Section “Pure Cultures.” To
our knowledge, Teflon-lined glass bottles have not been used to
minimize metal contamination in previous anaerobic studies, but
may be a good option for future research.

The experiments discussed in Section “Mixed Cultures and
Anaerobic Bioreactors” on mixed cultures and anaerobic biore-
actors were conducted, for the most part, not in defined media
but rather in sludge or wastewater treatment effluent. Studies of
metal requirements for pure cultures and anaerobic digesters typi-
cally report only total added metal, although these reactors usually
have higher background metal contents than pure cultures. How-
ever, the ubiquitous presence of sulfide, carbonate, and phosphate
in methanogenic cultures leads to metal precipitation, so dis-
solved metal concentrations generally decline throughout exper-
iments (Callander and Barford, 1983a,b). Indeed, precipitation—
dissolution kinetics of metal sulfides may play a key role in
bioavailability of metals in anaerobic digesters (Gonzalez-Gil et al.,
1999; Jansen et al., 2007). However, increased rates of methano-
genesis after addition of a particular metal are clear evidence
of environmental (albeit human-contributed) metal limitation as
compared to axenic cultures.

Pure cultures
Based on the metal content of the enzymes involved in methano-
genesis, one would predict that methanogens require very high

concentrations of Fe, relatively high levels of Ni and Co, trace
Zn and Mo/W, and negligible amounts of Cu and Mn. This
prediction does not take into account complications if enzymes
have differing Ky, values for their respective substrates, which
could result in shifts in enzyme ratios, nor does it consider metal
requirements for metabolic pathways besides methanogenesis.
Nevertheless, it roughly agrees with the cellular metal contents
of 11 previously analyzed methanogens, which contained 700-
2800 ppm Fe, 17-180 ppm Ni, 23-1810 ppm Zn, 10-120 ppm Co,
10-70 ppm Mo, <10-160 ppm Cu, and 2-27 ppm Mn, in terms of
dry weight (Diekert et al., 1981; Whitman et al., 1982; Scherer
et al., 1983). These data suggest that the metal requirements
for methanogenesis have a strong influence on whole cell metal
contents.

Early studies on Methanobacterium thermoautotrophicum
(renamed Methanothermobacter thermautotrophicus) grown on
H; and CO; showed that low concentrations of Fe, Ni, Co, and Mo
in growth media could limit growth (Taylor and Pirt, 1977; Schon-
heit et al., 1979). For the formation of 1 g of biomass (dry weight),
10 wmol of Fe, 150 nmol of Ni, 20 nmol of Co, and 20 nmol of
Mo were required, a stoichiometry of 500 Fe: 7.5 Ni: 1 Co: 1 Mo
(Schonheit et al., 1979). Optimal growth was observed at 300—
500 WM Fe (Patel et al., 1978) and 1 wM Ni, while addition of Cu,
Zn,and Mn to the media did not stimulate growth (Schonheit etal.,
1979; Table 1). Interestingly, optimal growth of another H,/CO5;-
utilizing methanogen, Methanococcus voltae, occurred at much
lower Fe and Ni concentrations (10 and 0.2 WM, respectively),
despite the more rigorous cleaning protocols used in this study
(Whitman et al., 1982).

Table 1 | Optimal dissolved metal concentrations (calculated from total amounts of salt added) in defined growth media for pure methanogenic
cultures grown on H2/CO-, formate, acetate, methanol, or trimethylamine.

Metal Substrate Concentration (M) Species Reference
Fe H,/CO, 300-500 Methanospirillum hungatei, Patel et al. (1978)
Methanobacterium bryantii strain MOH

H2/CO, >15 Methanococcus voltae Whitman et al. (1982)
Acetate 100 Methanothrix soehngenii VNBF' Fathepure (1987)
Methanol 50 Methanosarcina barkeri Lin et al. (1990)
Trimethylamine 5 Methanococcoides methylutens Sowers and Ferry (1985)

Ni H2/CO, 1 Methanobacterium thermoautotrophicum? Schonheit et al. (1979)
H,/CO, 0.2 Methanococcus voltae Whitman et al. (1982)
Acetate 2 Methanothrix soehngenii VNBF' Fathepure (1987)
Methanol 0.1 Methanosarcina barkeri Scherer and Sahm (1981)
Trimethylamine 0.25 Methanococcoides methylutens Sowers and Ferry (1985)

Co Acetate 2 Methanothrix soehngenii VNBF' Fathepure (1987)
Methanol 1 Methanosarcina barkeri Scherer and Sahm (1981)
Trimethylamine 0.1 Methanococcoides methylutens Sowers and Ferry (1985)

Mo Acetate 2 Methanothrix soehngenii VNBF' Fathepure (1987)
Methanol (with NH4 1) 0.5 Methanosarcina barkeri Scherer and Sahm (1981), Scherer (1988)
Methanol (N,-fixing) 5 Methanosarcina barkeri Scherer (1988)

W H2/CO5 1 Methanocorpusculum parvum Zellner and Winter (1987)
Formate 0.5 Methanocorpusculum parvum Zellner and Winter (1987)

"Renamed Methanosaeta concilii; ?Renamed Methanothermobacter thermautotrophicus.

Adapted from Takashima and Speece (1990).
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How do metal requirements change when methanogens are
grown on substrates other than H,/CO,? Optimal growth of
Methanothrix soehngenii VNBF (renamed Methanosaeta concilii)
grown on acetate was observed at 100 uM Fe, 2uM Ni, 2 uM
Co, and 2 uM Mo (Fathepure, 1987; Table 1). Optimal growth of
methanol-utilizing Methanosarcina barkeri was observed at lower
concentrations: 50 uM Fe, 0.1 uM Ni, 1 uM Co and 0.5 M Mo,
and addition of Cu and Mn had no effect on growth (Scherer and
Sahm, 1981; Lin et al., 1990). Optimal growth of trimethylamine-
grown Methanococcoides methylutens was lower still: 5uM Fe,
0.25 M Ni, and 0.1 pM Co, with no stimulation by addition of
Mo, Zn, Mn, W, and Cu (Sowers and Ferry, 1985). These studies
suggest that metal requirements are higher on acetate than methyl-
compounds, although the opposite — particularly for Co —has been
found in mixed culture anaerobic digester studies (see the Section
“Mixed Cultures and Anaerobic Bioreactors”).

In some methanogens, W-containing formylmethanofuran
dehydrogenases (Fwd) and W-containing formate dehydrogenases
(W-Edh) are expressed in place of Mo-containing forms of the
enzymes. W was first shown to stimulate growth of Methanococcus
vannielii on formate (Jones and Stadtman, 1977). A subsequent
study revealed that optimal growth on H,/CO, required more W
(1 wM) than growth on formate (0.5 M) and that more W was
incorporated into cells during growth on H,/CO, than on formate
(Zellner and Winter, 1987), suggesting that Fwd has a higher W
requirement than W-Fdh.

In addition to metal cofactors in enzymes directly involved in
methanogenesis, additional metals are required for other meta-
bolic pathways in methanogens, such as nitrogen fixation. In
a study of metal requirements for two strains of M. barkeri,
Scherer (1988) found that optimal Mo media concentrations for
diazotrophic growth were 10x greater (5 M Mo) than NHy-
based growth (0.5 uM Mo). One of the two strains (strain 227)
could grow just as well with vanadium (V) instead of Mo in
the media, suggesting that it contained a V-nitrogenase (Scherer,
1988) as later confirmed by Chien et al. (2000). However, dif-
fering results have been published regarding the extent to which
V stimulates nitrogen fixation in this strain (Lobo and Zinder,
1988). Other methanogens, such as Methanococcus maripaludis,
lack the V-nitrogenase and have an absolute requirement for Mo
for diazotrophy (Kessler et al., 1997).

Mixed cultures and anaerobic bioreactors
The potential of metals to increase the efficiency of methanogen-
esis in industrial settings has led to a steady stream of studies on
metal requirements for optimal functioning of anaerobic waste
(sewage, agricultural, and food-processing) treatment bioreactors
since the late 1970s (Demirel and Scherer, 2011). The produc-
tion of methane from small organic molecules such as acetate and
methanol in waste treatment reactors is a beneficial by-product
because it can be captured and used as a renewable fuel source.
Several studies suggest that the addition of Fe, Ni, and Co
can increase the rate of aceticlastic methanogenesis in anaerobic
digesters. An early study of aceticlastic methanogenesis in mixed
cultures originally obtained from sewage sludge and maintained
in a defined medium showed that the optimal soluble Fe concen-
trations for methanogenesis were 0.2—2 mM (lower than the total

5-10 mM FeCl, added due to precipitation as ferrous carbonate),
whereas background soluble Fe was ~25uM (Hoban and van
den Berg, 1979). The authors suggested that mixed methanogenic
cultures might have higher Fe requirements than pure cultures.
Addition of Ni and Co stimulated aceticlastic methanogenesis
and increased the thickness of biofilms in anaerobic food waste
digesters (Murray and van den Berg, 1981), municipal sludge
digesters (Speece et al., 1983), and synthetic wastewaters (Kida
etal.,2001). Addition of Mo (50 nM) had a smaller effect (Murray
and van den Berg, 1981). In another study, individual addition
of Fe, Ni, Co, Mn, Zn, Mo, and Cu to a wastewater treatment
sludge did not produce any significant increase in the conversion
of acetate to methane (Florencio et al., 1993). It is possible that
the sludge in the latter study contained sufficient metal carry-over
that these metals were not limiting for aceticlastic methanogen-
esis. Metal speciation almost certainly influences bioavailability
in these bioreactors, where up to 95% of dissolved Ni and Co
is present in strongly bound forms (Jansen et al., 2005). It is cur-
rently unknown whether methanogens can directly take up soluble
metal-sulfide complexes or metal-organic complexes (Jansen et al.,
2007). Additionally, temperature may exert influence on the trace
metal requirements; higher trace metal requirements have been
found for thermophilic than mesophilic mixed reactors, despite
smaller biomass yield (Takashima et al., 2011).

Limitation of methanogenesis by low Co(balt) bioavailability
has been identified in numerous studies of anaerobic mixed cul-
tures grown on methanol. A study of methylotrophic methanogens
in wastewater treatment sludge showed a pronounced increase
in methanogenic activity when Co was added, and a significant
decline when it was absent from the media (Florencio et al., 1993).
Follow-up studies have confirmed the high Co(balt) requirements
for methanol-grown anaerobic bioreactors (Zandvoort et al,
2006). The same trend was observed for Ni, although to a lesser
extent, but minimal effect was found for other metals (Fe, Zn, Mo,
Cu, and Zn). Optimal Ni and Co concentrations for methano-
genesis was ~2 WM (Florencio et al., 1993, 1994; Zandvoort et al.,
2002). The increased need for Co for methanol-based growth vs.
other substrates is likely due to additional Co(balt)-containing
methyltransferases required for growth on methyl-compounds.
This concurs with previous findings that the highest amount of
corrinoids are produced in methanogens grown on methanol com-
pared to other substrates, with about 3x as much corrinoids in
methanol-grown cell vs. acetate-grown cells (Krzycki and Zeikus,
1980) and that cobalamin production increases with media Co
concentration up to ~50 pM (Lin et al., 1989).

Environmental studies

Very few studies have investigated the effects of metal additions
on natural methanogenic ecosystems. To our knowledge, the only
published experiment was performed in five North American
peatlands (Basiliko and Yavitt, 2001). Ambient dissolved metal
concentrations in mineral-poor peatlands were low (2-20 nM Ni,
30nM Co, and <2 uM Fe) due to the high metal-binding capac-
ity of peat. In mineral-rich peatlands, concentrations were 40—
60 nM Ni, 2-5 uM Co, and 20-30 uM Fe. The authors found that
combined addition of Fe (12 wM), Ni (12 wM), and Co (6 uM)
to mineral-poor surface samples resulted in an enhancement of
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CHj4 production, whereas no effect or inhibition was observed at
mineral-rich peatlands. The effect of individual metals was not
tested. No effect was observed for CO, production in mineral-
poor peatlands, suggesting that heterotrophic microbes are not as
metal-limited as methanogens. Addition of the chelator citrate, but
not EDTA, led to increased CH4 production in the peat with the
lowest metal concentrations, suggesting either that methanogens
can take up metal—citrate complexes or that they can compete with
citrate for metal-binding.

Other anoxic ecosystems have similar trace metal concentra-
tions to peat bogs, suggesting that metal limitation of methano-
genesis may be widespread in natural environments. The con-
centration range of Ni, Co, and Mo in five representative anoxic
waters was consistently below the optima for growth of pure cul-
tures (Tables 1 and 2). Optimal methanogenic growth occurs at
0.2-2 WM Ni and in natural anoxic waters Ni ranges from 0.002
to 0.07 wM. Optimal media concentrations of Co are 0.1-2 uM
and in natural environments Co is generally <0.02 pM. Optimal
Mo concentrations are 0.5-5 wM; ambient Mo is 0.01-0.2 wMin
anoxic environments. Zn is also generally very low (<0.04 uM)
in anoxic waters, and may contribute to trace metal limitation of
methanogenesis, although pure culture studies are not available
to determine optimal Zn concentrations. The opposite is true for
W: few data are available on in situ W concentrations, but in most
ecosystems W is below the growth optima of 0.5-1 wM. Optimal
Fe concentrations are present in anoxic sediment pore waters (such
as the Santa Monica Basin) where Fe reaches 200 uwM, but other
anoxic waters have significantly lower Fe (Table 2). Therefore, it is
quite reasonable to expect that bioavailability of trace metals may
be important limiting growth factors in natural methanogenic
environments.

SUMMARY AND AREAS FOR FUTURE RESEARCH

Based on the metal content of enzymes in methanogenesis, one
would predict (1) roughly equal Fe, Ni, and Zn requirements
for CO; reduction, aceticlastic, and methylotrophic pathways;
(2) higher Mo/W requirements for CO, reduction and methy-
lotrophic pathways than aceticlastic methanogenesis; and (3)
higher Co(balt) requirement for the methylotrophic pathway than
CO; reduction and aceticlastic pathways. Previous studies are
difficult to compare because few of them simultaneously vary
methanogenic pathways using the same experimental conditions

and/or organism. Every laboratory likely had different levels of
trace metal contamination and metal-sulfide precipitation, and
thus the given optimal metal concentrations are all estimates to
varying degrees. Nonetheless, a few trends are clear: (1) Fe con-
centrations required for optimal growth in media are much higher
than all other metals (in the 107> to 104 M range); (2) optimal
Ni, Co, Mo, and W concentrations are in the 10~ to 107 M
range, and higher Mo concentrations (107> M) are needed for
diazotrophic growth; (3) addition of Cu and Mn is not needed
for growth. Few studies have investigated Zn requirements for
methanogenesis, although Zn is present in at least two enzymes in
the pathway.

Studies of anaerobic digesters and peatlands suggest that Fe,
Ni, and Co — and possibly other metals — may limit methanogen-
esis in the natural ecosystems. The high Co(balt) requirement for
methylotrophic methanogenesis in anaerobic digesters is of par-
ticular interest. To our knowledge, only one study has looked into
the possibility of metal limitation of methanogenesis in a natural
setting (Basiliko and Yavitt, 2001). More environmental studies
are essential to better understand the nature of metal bioavailabil-
ity and/or limitation in the ecosystems that contribute 75-80%
of the world’s annual CHy sources, but preliminary comparison
of optimal concentrations for growth of pure cultures and in situ
levels shows that trace metal (particularly Ni and Co) limitation
of methanogenesis may be widespread in anoxic settings.

METHANOTROPHY

Methanotrophy is the microbial process whereby CHy is oxidized
as an energy and carbon source. Aerobic methanotrophy is esti-
mated to consume ~35% (0.6 Gt) of the total global CHy4 produced
per year, whereas anaerobic methanotrophy is estimated to con-
sume ~18% (0.3 Gt; Thauer, 2011). Aerobic methanotrophy is
performed by certain bacteria that combine molecular oxygen
with CHy to produce methanol (CH30H). Methanol is then
oxidized to formaldehyde (CH,O), which is incorporated into
organic compounds using either the serine or ribulose monophos-
phate pathway (Semrau et al., 2010). Sulfate-dependent anaerobic
methane oxidation (AOM) occurs primarily in anoxic marine sed-
iments and is performed by archaea that have not been isolated
in pure culture, but are most closely related to Methanosarcinales
and Methanomicrobiales. These archaea are believed to oxidize
methane anaerobically through a reverse methanogenesis pathway

Table 2 | Compiled dissolved trace metal concentrations in representative anoxic waters.

Sample site Fe Ni Co Cu Zn Mo Reference

Peat bog waters 0.4-40 0.002-0.07 0.002-4 0.02-2 Basiliko and Yavitt (2001), Bragazza
(2006)

Santa Monica basin sediment pore 100-200 0.01 0.01-0.02 <0.005 0.2 Shaw et al. (1990)

waters (>5cm depth)

Black Sea sulfidic water column 0.01-0.3 0.01 <0.004 <0.002 <0.004 <0.01 Haraldsson and Westerlund (1988),

(>200m) Emerson and Huested (1991)

Framvaren Fjord water column (>20m)  0.03-2 <0.07 0.001-0.01 <0.001 0.002-0.01 <0.04 Haraldsson and Westerlund (1988),
Emerson and Huested (1991)

Baltic Sea water column (>150 m) 0.1-2 0.01 <0.002 <0.007 0.01-0.04 Kremling (1983)

All concentrations are in units of micromolar (wM).
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(Scheller et al., 2010; Thauer, 2011). Thus, phylogenetically unre-
lated aerobic and anaerobic methanotrophs accomplish the same
task using very different enzymes (Chistoserdova et al., 2005) and
are therefore predicted to have different metal requirements. Cu
requirements for aerobic methanotrophy have been the subject of
a great deal of research, whereas metal requirements for AOM are
just beginning to be explored, but are expected to be similar to
metal requirements for methanogenesis.

AEROBIC METHANOTROPHY

Aerobic methanotrophs (abbreviated “MOB” for “methane-
oxidizing bacteria”) are commonly found at oxic/anoxic interfaces
of environments where CHy is produced. Methanotroph genera,
beginning with “Methylo-,” are found in the Gammaproteobacte-
ria and Alphaproteobacteria (Hanson and Hanson, 1996; Semrau
et al., 2010). Recently, MOB have also been discovered in the Ver-
rucomicrobia (Op den Camp et al., 2009). Furthermore, the newly
discovered freshwater phylum NC10 bacterium Methylomirabilis
oxyfera performs intra-aerobic methane oxidation using pMMO
and internally produced O; from NO (Ettwigetal.,2010; Wu et al.,
2011). In addition to being important in greenhouse gas process-
ing, some MOB play important roles in pollutant degradation and
bioremediation (Semrau, 2011).

Metalloenzymes in aerobic methanotrophy

Classical aerobic methanotrophy. The metal requirements for
MOB are largely regulated by copper (Cu) availability. When Cu
is abundant, MOB express a membrane-bound Cu (and possibly
Fe and Zn)-containing enzyme (particulate methane monooxy-
genase, pMMO) that catalyzes the first step of CHy4 oxidation.
When Cu is lacking, some MOB can synthesize a soluble pro-
tein for methane oxidation that contains Fe instead of Cu (soluble
methane monooxygenase, sMMO). Subsequent enzymatic steps in
aerobic methanotrophy rely primarily on Fe, with lesser amounts
of Ca, Mo, and possibly Zn (Figure 2). Below is a general overview
of the metal content of enzymes in methanotrophy. For a more
extensive discussion of the biochemistry of aerobic methanotro-
phy, the reader is referred to other reviews (Hanson and Hanson,
1996; Hakemian and Rosenzweig, 2007; Trotsenko and Murrell,
2008; Semrau et al., 2010; Chistoserdova, 2011).

The first step of aerobic methanotrophy, the oxidation of CHy4
to CH3OH, is catalyzed by methane monooxygenase (MMO). All
aerobic methanotrophs (with the exception of facultative methan-
otrophic species in the genus Methylocella) are capable of express-
ing pMMO (Hanson and Hanson, 1996). The metal content of
pPMMO has been a matter of debate for many years, namely
regarding whether the active site coordinates Fe or Cu for func-
tion (Bollinger, 2010). Crystal structures and experiments have
provided strong evidence that the active site is a two Cu cen-
ter in the pMMO-B subunit (Lieberman and Rosenzweig, 2005;
Balasubramanian and Rosenzweig, 2007; Hakemian et al., 2008;
Balasubramanian et al., 2010). An additional mono-nuclear Cu
atom is present in one of crystal structures (from Methylococcus
capsulatus Bath) but not in Methylosinus trichosporium OB3b and
is not required for CHy4 oxidation (Balasubramanian et al., 2010).
Crystal structures predict coordination of another metal ion (Zn in
M. capsulatus Bath and Cu in M. trichosporium OB3b), positioned

between the pMMO-B and pMMO-C subunits (Lieberman and
Rosenzweig, 2005; Hakemian et al., 2008). Since pMMO is a het-
erotrimer, it therefore contains nine Cu atoms (and possibly three
Zn atoms; Figure 2). Recent Mossbauer evidence suggests that Fe
could also be present in pMMO, as supported by previous protein
preparations that contained Fe (Martinho et al., 2007; Semrau
et al., 2010). The electron donor to pMMO is a cytochrome bc;
complex, containing three heme groups and one Fe,S; cluster
(Zahn and DiSpirito, 1996).

Several strains of aerobic methanotrophs are also capable of
expressing a cytoplasmic soluble MMO (sMMO), which con-
tains a dimeric hydroxylase with two Fe ions in a di-Fe active
site cluster and an additional Fe,S;, cluster in a reductase sub-
unit (Lipscomb, 1994; Merkx et al., 2001). Expression of partic-
ulate vs. soluble MMO is regulated by Cu availability (Murrell
et al., 2000). Work with pure cultures has shown that a “Cu
switch” occurs at 0.85-1 pmol/g dry weight: at lower Cu:biomass
ratios, SMMO 1is expressed, and at higher Cu:biomass ratios,
PMMO is expressed (Stanley et al., 1983; Hanson and Hanson,
1996; Nielsen et al., 1997). In contrast to pMMO, the elec-
tron donor to sMMO is NADH (Lipscomb, 1994; Merkx et al.,
2001).

After CHy is oxidized to CH3OH by either pMMO or sMMO,
the periplasmic pyrroloquinoline quinone-dependent enzyme
methanol dehydrogenase (abbreviated MDH or Mxa) oxidizes
CH3O0H to formaldehyde (CHOH) using two cytochrome ¢ pro-
teins (c and cpy) as electron acceptors (Hanson and Hanson,
1996). These cytochromes are then oxidized by cytochrome aas,
containing two hemes and two Cu atoms (Figure 2). MDH/Mxa
does not contain any transition metal cofactors, but does pos-
sess 2 mol of Ca per mole of tetramer. Approximately 50% of the
CHOH produced by MDH/Mxa is assimilated into biomass, and
the other half is further oxidized to formate (CHOOH) and then
to CO; to generate reducing equivalents (Hanson and Hanson,
1996; Trotsenko and Murrell, 2008; Chistoserdova, 2011). This
step is mediated by either a membrane-bound cytochrome-linked
formaldehyde dehydrogenase (DL-FalDH) when cells are grown
under high Cu conditions or a soluble NAD(P)*-linked enzyme
(N-FalDH) when cells are grown under low Cu conditions (Zahn
et al., 2001). Neither protein contains metal cofactors, but DL-
FalDH does require cytochrome bc; as an electron acceptor (Zahn
etal.,2001). The final step in aerobic methane oxidation is formate
oxidation to CO;, catalyzed by NAD'—formate dehydrogenase
(Fdh). The only characterized Fdh protein in MOB (from M.
trichosporium OB3D) contains four Fe,Sy clusters and one molyb-
dopterin cofactor (Jollie and Lipscomb, 1991; Figure 2). Multiple
Fdh enzymes are present in M. capsulatus Bath genome (Ward
et al., 2004) and it is possible that one or more of them contains
W in place of Mo, similar to Fdh proteins from methylotrophs
(Laukel et al., 2003).

Intra-aerobic methane oxidation coupled to denitrification.

The genome of the denitrifying bacterium M. oxyfera, coupled
to proteomic, transcriptomic, and stable isotope labeling exper-
iments, have revealed that this organism also contains pMMO
but uses a different pathway for methane oxidation than other
MOB. Instead of obtaining O, from the environment, M. oxyfera
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FIGURE 2 | Metal content of the enzymes involved in aerobic
methanotrophy at high or low Cu, and intra-aerobic methane
oxidation coupled with denitrification. Each circle represents one
metal atom. Abbreviations: Cyt, cytochrome; DL-FalDH, dye-linked
formaldehyde dehydrogenase; FDH, formate dehydrogenase; MDH,
methanol dehydrogenase; pMMO, Cu-particulate methane
monooxygenase; sMMO, soluble methane monooxygenase; NirS,
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generates its own supply of O, internally from NO. Therefore,
this metabolism has been called intra-aerobic methane oxida-
tion coupled to denitrification (Ettwig et al., 2010; Wu et al,,
2011). In the proposed pathway, an Fe-based cytochrome cd;
nitrite reductase [cd; NIR or NirS; see the Section “Nitrate/Nitrite
Reduction to N;O/N, Pathway (Denitrification)”], likely con-
taining four Fe atoms (Fiilop et al,, 1995), is used to reduce
NO; to NO (Ettwig et al, 2010; Wu et al., 2011). In con-
trast to classical denitrification, where NO is reduced to N,O
and then N,, M. oxyfera disproportionates two molecules of
NO to O; and N, (Figure 2). The NO dismutase enzyme
that performs this reaction is currently unknown. The O, gen-
erated by this uncharacterized NO dismutase is then used to
oxidize CH4 to CH3OH using pMMO, followed by oxidation
of CH30H to CH,0 by MDH/Mxa (see the Section “Classical

Aerobic Methanotrophy”; Ettwig et al., 2010; Wu et al.,, 2011).
Instead of using FalDH for oxidation of CH,O to CHOOH,
M. oxyfera contains several genes encoding enzymes responsi-
ble for tetrahydromethanopterin (H4MPT)-dependent C; transfer
reactions (Ettwig et al., 2010; Wu et al., 2011). The enzymes
involved in these reactions are not known to contain metals
(Vorholt, 2002). In the last step, CHOOH is oxidized to CO;
by formate dehydrogenase [Fdh; see the Section “Nitrate/Nitrite
Reduction to N, O/N; Pathway (Denitrification)”]. Carbon assim-
ilation in M. oxyfera likely proceeds via CO; fixation with the
Calvin-Benson-Bassham cycle instead of the serine and ribu-
lose monophosphate (RuMP) pathways used by other MOB
(Ettwig et al., 2010; Wu et al., 2011). This pathway remains to
be confirmed biochemically, but likely requires abundant Cu for
pMMO.
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Physiological studies of metal requirements for aerobic
methanotrophy

Pure cultures. Studies of the physiological importance of metals
for MOB have focused largely on Cu. Addition of Cu to the growth
media in strains encoding both the particulate and the soluble
forms of MMO fundamentally changes methanotroph physiology
by triggering the “Cu switch,” turning on the expression of p MMO
(Stanley et al., 1983; Choi et al., 2003). Further increases in Cu
concentration can lead to up to 55-fold higher pMMO expres-
sion, with optimal pMMO activity occurring at 60 uM Cu for M.
capsulatus Bath (Choi et al., 2003; Semrau et al., 2010). Cellu-
lar Cu contents in laboratory cultures of aerobic methanotrophs
amended with high Cu in the growth media can be extremely high,
up to ~250 nmol Cu/mg protein (Choi et al., 2003).

In order to maintain Cu homeostasis and protect against
the potentially toxic effects of high levels of Cu, some aerobic
methanotrophs express the Cu-chelating “chalkophore” molecule
methanobactin (Kim et al., 2004; Balasubramanian and Rosen-
zweig, 2008). Methanobactin is a 1217-Da molecule that binds
one atom of Cu(I) with high affinity (Kim et al., 2004; Choi
et al., 2006) and accumulates in the growth media when Cu is
<0.7uM (DiSpirito et al., 1998). Cu-loaded methanobactin is
actively transported into methanotrophic cells when Cu concen-
trations rise between 0.7 and 1 wM (Semrau et al., 2010; Balasub-
ramanian et al., 2011). Furthermore, it has recently been shown
that M. capsulatus Bath contains numerous proteins on its surface
that respond to changing Cu concentrations in growth medium,
including abundant Fe-containing cytochrome ¢ peroxidases and
multi-heme c-type cytochromes (Karlsen et al., 2011). It is per-
haps interesting to note that abundant extracellular iron is evident
on other methanotrophs in the genera Crenothrix and Clonothrix
(Kolk, 1938; Vigliotta et al., 2007), although separate pathways and
functional roles may be at play in these cases.

Environmental studies. Environmental studies on Cu availability
to MOB are lacking, which is striking considering that Cu has been
known to be involved in methanotrophy for many years. Knapp
etal. (2007) suggest that the reason that correlations between envi-
ronmental dissolved Cu (which in oxic settings is <1 uM; Table 3)
and methanotrophic activity have not been noted is because some
MOB can access mineral- and organic-bound Cu using small Cu-
binding peptides, most notably methanobactin. In the absence
of dissolved Cu, M. trichosporium OB3b acquired sufficient Cu
from Cu-containing minerals to express pMMO, but only when
methanobactin was present (Knapp et al., 2007). CHy4 oxidation
rates were highest at ~100 ppm mineral Cu (Kulczyckietal.,2011).

Low Cu minerals were dissolved more quickly by methanobactin
than high Cu minerals (Kulczycki et al., 2007). Similarly, increas-
ing concentrations of surface sites on minerals lead to decreased
Cu bioavailability to M. trichosporium OB3b in common soil min-
erals (Morton et al., 2000). Therefore, particulate Cu content and
sediment or soil mineral geochemistry may display a more robust
correlation with methanotrophic activity than dissolved Cu levels
in aquatic systems or pore waters (Knapp et al., 2007; Fru, 2011),
although this remains to be tested in natural systems.

ANAEROBIC METHANOTROPHY

The process of anaerobic methane oxidation (AOM) has been
known for over 30 years based on geochemical data (Martens and
Berner, 1977), but the identity of the microorganisms carrying
out this metabolism remained elusive until the early 2000s due
to the extreme difficulty of culturing AOM microbes. Combined
molecular and stable isotope studies revealed that archaeal groups
(anaerobic methanotrophic archaea, abbreviated “ANME”) were
responsible for AOM activity in CHy seep sediments through
syntrophic associations with sulfate-reducing bacteria (Hinrichs
et al., 1999; Boetius et al., 2000; Orphan et al., 2001, 2002).
Described ANME lineages currently belong to three distinct phy-
logenetic groups, with members of the ANME-1 forming a novel
clade between the Methanomicrobiales and Methanosarcinales
orders, and groups ANME-2 and ANME-3 belonging to the
Methanosarcinales. Together, these methanotrophic lineages are
believed to be responsible for the oxidation of ~80% of the
methane naturally seeping upward from marine sediments, or
~7-25% of total global methane (Reeburgh, 2007). Although
ANME have not been cultured, metagenomic, and environmen-
tal proteomic studies have provided insight into their metabolic
strategies for AOM (Hallam et al., 2003, 2004; Kriiger et al., 20035
Meyerdiercks et al., 2005; Pernthaler et al., 2008).

Metalloenzymes in anaerobic methanotrophy

Evidence is accumulating that ANME anaerobically oxidize
methane by running the methanogenesis pathway in reverse
(Scheller et al., 2010), as was predicted based on the close phyloge-
netic relationship of ANME to methanogens in the orders Metha-
nomicrobiales and Methanosarcinales (Knittel and Boetius, 2009).
The discovery of gene homologs to mcrA in ANME provided the
first clues that these microbes were using reverse methanogene-
sis to oxidize CHy (Hallam et al., 2003). High concentrations of
the Ni-containing cofactor F43¢ and a slightly modified variant of
F430 (Mayr et al., 2008) were found in microbial mats performing
AOM in the Black Sea (Kriiger et al., 2003), adding further support

Table 3 | Compiled dissolved trace metal concentrations in representative oxic waters.

Sample site Fe Ni Co Cu Zn Mo Reference

Seawater <0.001 0.002-0.01 <0.001 <0.001-0.005 <0.001-0.009 0.1 Bruland (1980), Collier (1985),
Johnson et al. (1997)

Soil pore water 1-20 0.1-0.5 0.1-2 Kinniburgh and Miles (1983)

Oxic lake water 0.01-10 <0.001-0.03 0.01-0.8 0.02-0.6 0.004-0.3 Wetzel (2001)

All concentrations are in units of micromolar (.M).
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for the model. Immunolocalization and biochemical studies have
provided clear evidence that Mcr catalyzes the first step of AOM in
ANME (Heller et al., 2008; Scheller et al., 2010) and metagenomic
studies of ANME communities identified the presence of genes
encoding almost all of the other methanogenic enzymes with the
exception of the Ni—Fe hydrogenases Eha/Ehb and two of the three
subunits of the Ni-Fe hydrogenase Mvh (Hallam et al., 2004; Mey-
erdiercks et al., 2005; Thauer, 2011). Therefore, it is reasonable to
predict that metal requirements for the enzymes involved in AOM
are similar to those used for methanogenesis, involving high lev-
els of Fe, Ni, Co, and additional Mo/W and Zn (see the Section
“Metalloenzymes in Methanogenesis”), but possibly with slightly
lower Fe and Ni requirements due to the absence of two of the
Ni-Fe hydrogenases involved in methanogenesis. The finding that
ANME can also fix N (Dekas et al., 2009) suggests that they may
have additional Fe and Mo/V requirements. ANME occur in anoxic
and sulfidic environments where Ni, Co, Mo, and possibly Fe likely

occur at levels lower than their growth optima (Table 2), assuming
that their metal requirements are similar to those of methanogens.
For a full review of the biochemistry of AOM, readers are referred
to Thauer and Shima (2008).

SUMMARY

Extensive research has been focused on the importance of Cu
for particulate methane monooxygenase, resulting in a detailed
understanding of physiological and biochemical aspects of Cu
in pure cultures of MOB. However, few studies have attempted
to relate Cu bioavailability, particularly in mineral form, to rates
of aerobic CHy oxidation in the environment. Furthermore, few
studies have investigated additional metal requirements, particu-
larly Fe, but also small amounts of Mo and Zn, for aerobic and
intra-aerobic methanotrophy, although clearly Fe in particular
is important for these metabolisms (Figure 2) and cell surface
Cu acquisition mechanisms (Karlsen et al., 2011). In contrast to

Classical denitrification

@ Iron

@ Copper

O Zinc

@ Molybdenum

FIGURE 3 | Metal content of three pathways of N,O production:
classical denitrification, bacterial nitrifier denitrification, and archaeal
ammonia oxidation. Each circle represents one metal atom. Parentheses
show varying metal content of a given enzyme. Abbreviations: AMO,
ammonia monooxygenase; HAO, hydroxylamine oxidoreductase; Nar,
dissimilatory nitrate reductase; NirS, Fe—-nitrite reductase; NirS, Cu-nitrite
reductase; cNOR, nitric oxide reductase; Nos, nitrous oxide reductase;

Nitrifier denitrification
and hydroxylamine oxidation

NH, + 0,

Archaeal ammonia oxidation
(putative)

NH,+ O,

HNO

NH,OH or

pathway and organism
unknown
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NXOR, nitroxyl oxidoreductase (putative enzyme). Putative archaeal
ammonia oxidation pathway is adapted from Walker et al. (2010). For
simplicity, only metalloenzymes are labeled. Question marks depict
unknown or unconfirmed enzymes. Enzymes colored a solid purple
indicate that an unknown amount of Cu is present. See the Section
“Metalloenzymes Involved in the Production and Consumption of Nitrous
Oxide"” for more details.
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aerobic methanotrophy, essentially nothing is known about the
metal requirements for AOM besides the need for large amounts
of Ni in cofactor Fa3p (Kriiger et al.,, 2003). Presumably, metal
requirements for reverse methanogenesis by ANME are similar to
those of the canonical seven-step methanogenic pathway, but this
hypothesis remains to be tested.

NITROUS OXIDE PRODUCTION AND CONSUMPTION

A diverse range of organisms using several different pathways
are known to produce N,O. Whereas CHy production is only
known to occur within the archaea, N,O production is more
widespread. Pathways for biological N, O production include dis-
similatory nitrate/nitrite reduction (e.g., denitrification), nitrifier
denitrification (Wrage et al., 2001), hydroxylamine oxidation, and
NOxy detoxification (also known as the “nitrosative stress” path-
way; Stein, 2011). N, O is also produced by MOB (Sutka et al.,
2006; Campbell et al., 2011) and enrichment cultures of ammonia
oxidizingarchaea (AOA; Jungetal.,2011; Santoroetal.,2011). Bac-
terial denitrification and nitrifier denitrification together account
for ~70% of the global N,O flux (IPCC, 2007), although recent
data suggest that AOA may also be an important source of N,O
in marine and terrestrial systems (Jung et al., 2011; Santoro et al.,
2011). For an in-depth review of the methods used to identify
N, O-producing bacteria by their key enzymes, readers are referred
to Stein (2011).

Metalloenzymes involved in N,O production primarily con-
tain Fe and/or Cu, with additional Mo needed for the dis-
similatory nitrate reduction pathway to N,O and/or N, and
possibly additional Zn in nitrifier denitrification. A schematic
of the metal content of proteins involved in N,O production
and consumption is shown in Figure 3. Below we review bio-
chemical and physiological studies of the metal requirements
for N,O production through the standard and nitrifier den-
itrification pathways, and touch on new discoveries of met-
alloenzymes putatively involved in archaeal ammonia oxida-
tion. Metalloenzymes involved in the nitrosative stress path-
way are mentioned briefly, but are outside the scope of this
review.

METALLOENZYMES INVOLVED IN THE PRODUCTION AND
CONSUMPTION OF NITROUS OXIDE

Nitrate/nitrite reduction to N,0/N, pathway (denitrification)
Nitrous oxide is a gaseous intermediate in the process of deni-
trification, the anaerobic microbial respiratory process whereby
NOj is reduced to N in the sequence: NO; — NO; — NO —
N;O — Nj. The process is leaky and therefore N,O is almost
always found in trace abundances in environments where den-
itrification occurs (Rogers and Whitman, 1991). Since NO3 is
typically present at higher abundances than NO; in natural envi-
ronments, denitrification typically starts with dissimilatory nitrate
reduction. The most well-studied dissimilatory nitrate reductase
is the membrane-bound NarGHI complex, which contains two b-
type cytochromes (each binding one Fe atom), one Fe3S4 cluster,
four FesSy4 clusters, and a molybdopterin (Mo) active site (Bertero
et al., 2003; Jormakka et al., 2004; Figure 3). It is possible for dis-
similatory nitrate reduction to occur with Fe or V in place of Mo,

although such alternative nitrate reductases have so far only been
found in metal-reducing bacteria (Antipov et al., 1998, 2005).

The next step in denitrification, nitrite reduction to nitric oxide
(NO), is catalyzed by either a cytochrome cd; (four Fe)-containing
nitrite reductase (abbreviated cd; NIR or NirS; Fiilop et al., 1995)
or a Cu-containing nitrite reductase (abbreviated CuNIR or NirK)
that possesses either 6 or 24 Cu atoms depending on its subunit
content (Godden et al., 1991; Nojiri et al., 2007; Figure 3).

NO reduction to N;O occurs almost instantaneously after
its formation due to the toxicity of NO. In denitrifying bacte-
ria, NO reductases (NORs) are members of the heme/copper
cytochrome oxidase enzyme superfamily that substitute Fe in place
of Cu at their active site (Hendriks et al., 2000). Other enzymes
in this family cannot efficiently reduce NO, suggesting that the
replacement of Cu with Fe is important for the enzyme mecha-
nism. The most common type of NOR in denitrifying bacteria
is NorBC (or cNOR), a cytochrome bc complex that contains
Fe in the form of two hemes and one non-heme Fe and uses
cytochrome c as an electron donor (Hendriks et al., 2000; Zumft,
2005; Figure 3). The nitrosative stress pathway uses a different NO
reductase called QNOR, which contains only the NorB subunit
and accepts electrons from quinols (Hendriks et al., 2000; Zumft,
2005). Two additional Fe-containing NOR enzymes, the flavohe-
moglobin Hmp and the flavorubredoxin NorVW, are important
for relieving nitrosative stress under anoxic conditions by NO
reduction to N,O (Poole and Hughes, 2000; Gardner et al., 2003).
Fungal NORs are members of the cytochrome P-460 family and
also contain only Fe (Hendriks et al., 2000).

After its production, N, O can either escape to the atmosphere
or be further reduced to N, by nitrous oxide reductase (Nos).
Nos is a Cu-rich enzyme, binding 12 atoms of Cu per homodimer
(Brown etal., 2000; Figure 3). Low pH and/or trace amounts of O,
tend to increase the ratio of N, O:Nj, released because Nos is inhib-
ited at low pH and is more sensitive to O, than other reductases
in denitrification (Knowles, 1982).

Bacterial ammonia oxidation to N,O (nitrifier denitrification and
hydroxylamine oxidation)

Autotrophic ammonia oxidizing Bacteria (AOB; Shaw et al., 2006)
and MOB (Yoshinari, 1985; Ren et al., 2000) are capable of aero-
bic production of N, O during the process of ammonia oxidation
(NH; - NH,OH — NO; — NO;j). N»O is produced from
two offshoots of the nitrification pathway: nitrifier denitrification
(Ritchie and Nicholas, 1972; Poth and Focht, 1985; Wrage et al.,
2001; Shaw et al., 2006) and hydroxylamine oxidation (Cantera
and Stein, 2007b; Stein, 2011). In nitrifier denitrification, NO; is
reduced to NO, and then N,O or Ny, instead of being oxidized
to NOj3. In hydroxylamine oxidation, NH,OH is oxidized to NO,
which is then reduced to N,O. Little is known about the controls
on N,O:N, ratios for both of these processes.

In the first step of nitrifier denitrification and hydroxy-
lamine oxidation, ammonia (NH3) is oxidized to hydroxylamine
(NH,0H), catalyzed by the enzyme ammonia monooxygenase
(AMO). Although the crystal structure of AMO has not been
solved, AMO shares high similarity to pMMO of aerobic methan-
otrophs (Holmes et al., 1995; Arp and Stein, 2003 and references
therein), suggesting that it also contains three Cu atoms per

Frontiers in Microbiology | Microbiological Chemistry

February 2012 | Volume 3 | Article 61 | 155


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiological_Chemistry
http://www.frontiersin.org/Microbiological_Chemistry/archive

Glass and Orphan

Trace metals in microbial enzymes

monomer and possibly additional Zn and Fe (see the Section
“Metalloenzymes in Aerobic Methanotrophy”; Figure 3). A Cu
requirement for AMO is supported by experiments showing that
Cu addition activates AMO (Ensign et al., 1993).

The next step of nitrifier denitrification, NH,OH oxidation
to NO;, is catalyzed by the enzyme hydroxylamine oxidoreduc-
tase (HAO), which contains 24 Fe atoms in c-type cytochromes
(Igarashi et al., 1997; Figure 3). Orthologs of the copper-
containing NirK enzymes are typically used for the reduction
of NO; to NO (Casciotti and Ward, 2001; Cantera and Stein,
2007a,b). NO, a toxic intermediate, is then reduced to N,O
by an unknown enzyme, likely either NorBC (Beaumont et al.,
2004; Casciotti and Ward, 2005), the tetraheme cytochrome cs54
(Upadhyay et al., 2006), or NorS (Stein, 2011). In hydroxy-
lamine oxidation, NH,OH is oxidized by HAO to NO instead
of NO; (Figure 3). Reduction of NO to N,O is then catalyzed
by cytochrome cs54 or NorS as with nitrifier denitrification (Stein,
2011).

Although N; has been shown to be produced by the nitri-
fier denitrification pathway (Poth, 1986), nos genes have not
been found in the genomes of bacterial nitrifiers (Stein et al.,
2007) so it is unclear how N is formed during nitrifier
denitrification.

Archaeal ammonia oxidation

Archaeal nitrification was first reported in 2005 (Konneke et al.,
2005) and archaeal enrichment cultures have recently been shown
to produce N,O (Jungetal.,2011; Santoro etal.,2011). For areview
of AOA, see Hatzenpichler (in preparation). The genomes of AOA
Cenarchaeum symbiosum and Nitrosopumilus maritimus suggest
that AOA have higher Cu requirements than AOB (Hallam et al,,
2006; Walker et al., 2010). C. symbiosum and N. maritimus contain
amo genes with conserved motifs that bind the metal centers in
M. capsulatus Bath, suggesting that archaecal AMO also contains
abundant Cu (Hallam et al., 2006; Walker et al., 2010). Both AOA
genomes lack genes to encode a bacterial-type HAO complex. AOA
may use a Cu-based electron-transfer system instead of the Fe-
based system used by AOB, as implied by the abundance of genes
encoding copper-containing proteins, including numerous multi-
copper oxidases and small Cu-binding plastocyanin-like domains
(Hallam et al.,2006; Walker etal.,2010). The N. maritimus genome
contains nirK genes (Walker et al., 2010) and AOA nirK homologs
have been found to be widespread in environmental samples (Bar-
tossek et al., 2010). Walker et al. (2010) propose a model for the
AOA nitrification pathway whereby the products of AMO (either
NH,OH, or alternatively the highly reactive intermediate nitroxyl,
HNO) are oxidized to nitrous acid (HNO,) by a Cu-containing
protein, either a Cu-HAO or a multi-copper oxidase acting as a
nitroxyl oxidoreductase (NXOR; Figure 3). Following these reac-
tions, NO; is reduced to NO by NirK, with plastocyanin acting as
an electron donor. Future studies are needed to test whether pure
cultures of AOA can produce N,O or whether an N intermediate
such as NO is produced by AOA and reduced to N, O by bacterial
partners. If AOA can indeed produce N,O as supported by iso-
topic studies (Santoro et al., 2011), future biochemical studies are
required to determine what pathway is used, and whether they can
consume it.

PHYSIOLOGICAL STUDIES

As reviewed in the Section “Metalloenzymes Involved in the Pro-
duction and Consumption of Nitrous Oxide,” the metal content of
enzymes involved in N,O production and consumption is com-
posed primarily of Fe and Cu (Figure 3). The influence of Cu on
N,O processing by denitrifying bacteria has been the subject of
a number of pure culture and environmental investigations. The
influence of Fe availability on growth of AOB and denitrifiers is
less studied, and very little is known about the importance of Fe
for N, O processing in these microbes. Research is also lacking on
the influence of Fe and Cu availability on N, O processing during
nitrifier denitrification and in AOA enrichment cultures. These
pathways are of particular interest due to the likelihood of high
Cu requirements for their first step (AMO), whereas N,O can be
produced (but not consumed) without Cu by denitrifiers.

Pure cultures

The importance of Cu for the consumption of N, O by denitrify-
ing bacteria has been clearly demonstrated by laboratory studies
(Iwasaki and Terai, 1982; Matsubara et al., 1982; Granger and
Ward, 2003; Twining et al., 2007). These studies showed that
N, O accumulates when denitrifying bacteria are grown without
added Cu, whereas complete denitrification to N, occurs when
Cu is present above a certain threshold. In early studies with
Pseudomonas perfectomarinus and two Alcaligenes strains, back-
ground Cu contamination in growth medium was not quantified
and high levels of Cu were added in the replete condition (1-6 wM;
Iwasaki and Terai, 1982; Matsubara et al., 1982). In follow-up
studies with Paracoccus denitrificans and Pseudomonas denitrifi-
cans, trace metal-clean growth protocols were utilized and total
dissolved Cu background contamination was measured to be 0.3—
0.5nM (Granger and Ward, 2003; Twining et al., 2007). At less
than 1nM total dissolved Cu, N,O accumulated; above 1 nM, it
was consumed (Granger and Ward, 2003; Twining et al., 2007).
Enzyme activity of nitrous oxide reductase (Nos) was below the
detection limit in denitrifiers grown at 0.3 nM total dissolved Cu,
suggesting that the reason for build-up of N, O was Cu limitation
of Nos (Granger and Ward, 2003). Supplementation of 10 nM Cu
to Cu-limited cultures caused increased growth rate and complete
consumption of N,O (Granger and Ward, 2003). These labora-
tory studies led to the hypothesis that low Cu concentrations in
natural aquatic ecosystems may promote N> O accumulation (see
the Section “Environmental Studies”).

Metal requirements for AOB have not been studied as exten-
sively as those for denitrifiers, but preliminary studies support a
high importance of Fe for nitrification. An early study of nitrify-
ing bacterial cultures showed that addition of Fe alone produced
a 56% increase in NO, production whereas addition of Cu alone
produced a 17% increase (Lees and Meiklejohn, 1948). The few
subsequent studies of metal requirements for AOB have focused
on Fe requirements (Meiklejohn, 1953; Wei et al., 2006). Both
AMO and HAO activity were reduced in Nitrosomonas europaea
cultures grown at 0.2 vs. 10 uM Fe (Wei et al., 2006). Lowered
HAO activity is expected due to the high heme content of HAO in
AOB cells (Whittaker et al., 2000). AMO activity dependence on
Fe suggests that Fe is a component of AMO or that Fe is present
in the electron donor to AMO. The Fe content of AMO is difficult
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to assess due to the lack of in vitro protein preparations. It is also
possible that AOB scavenge/co-opt Fe-loaded siderophores pro-
duced by other bacteria; if supplied with exogenous siderophores,
N. europaea expresses genes for siderophore transporters and fer-
ric transporters when Fe is limiting (Wei et al., 2006; Stein et al.,
2007). Lastly, the fact that AOB cells are bright red in color further
supports the major requirement for Fe in their metabolism.

Environmental studies

Several recent field studies have suggested that Cu limitation
prohibits N,O consumption. Cu addition stimulated N,O con-
sumption in Linsley Pond, a temperate lake ecosystem with 3 nM
Cu (Twining et al., 2007). Similarly, the ratio of N;O/N, decreased
as water-extractable Cu concentration increased in freshwater sed-
iments (Jacinthe and Tedesco, 2009). While scarce Cu can limit
denitrification, excess Cu (above 100 mgkg~! sediment) in pol-
luted ecosystems can inhibit the pathway (Sakadevan et al., 1999;
Magalhdes et al., 2011). On the other hand, denitrification in three
major marine oxygen minimum zones does not appear to be Cu-
limited: addition of Cu had minimal effect on denitrification rates
in seawater incubations with background Cu concentrations of
1-3nM (Ward et al., 2008). Therefore, it is likely that marine den-
itrifiers have evolved mechanisms to satisfy their Cu requirements
by taking up Cu that is strongly bound to natural ligands, which
can bind 99% of the total Cu in temperate lakes (Twining et al.,
2007) and in the ocean (Moffett and Dupont, 2007).

Metal bioavailability varies considerably between freshwater
and seawater oxic environments. In general, dissolved Fe and Cu
are present at much lower concentrations in seawater than in lakes
and soil pore waters (Table 3). Therefore, N;O production by
marine ammonia oxidizers may be Fe or Cu-limited and/or they
may have evolved strategies to scavenge these metals.

SUMMARY

In contrast to CHy, N,O can be produced by diverse microorgan-
isms via numerous pathways containing varying amounts of Fe
and Cu, small amounts of Mo and possibly Zn. To date, only one
enzyme has been found to convert N,O to Nj: the Cu-containing
Nos enzyme found in denitrifiers. The absence of nos genes from
the genomes of AOA and AOB (Hallam et al., 2006; Stein et al.,
2007; Walker et al., 2010) suggests either that N,O is their final
gaseous product or that they have alternative nitrous oxide reduc-
tases. The ability of some AOB to produce N; (Poth, 1986) lends
support to the presence of alternative reductases. A search for
such alternative enzymes deserves attention, as ammonia oxidiz-
ers are important players in the global N,O budget. Research on
the biochemistry of N, O production in AOA enrichment cultures
is essential to understand the exciting findings of recent studies
suggesting that large amounts of Cu may be involved in AOA
metabolism.

COMPARISONS, CONCLUSION, AND FUTURE RESEARCH

Trace metals present in microbial enzymes involved in CH4 and
N,O cycling include Fe, Co, Ni, Cu, Zn, Mo, and W. While Fe-
containing enzymes are present in almost all pathways we reviewed
(with the possible exception of archaeal ammonia oxidation),
other metals differ by metabolism. For instance, Ni, Co, and W are

present in methanogenic enzymes, but not in enzymes involved
in aerobic methanotrophy and N,O cycling. In contrast, Cu is
not used in methanogenesis, but is very important for aerobic
methanotrophy and N,O cycling. Small amounts of Mo and Zn
are common in most pathways. If ongoing biochemical studies
confirm that anaerobic methanotrophs use the reverse methano-
genesis pathway to oxidize methane, they likely require the same
suite of metals as methanogens: Fe, Co, Ni, Zn, and Mo/W.

How do metal requirements for CHy4 and N, O cycling compare
with other ecologically important microbes? The metal stoichiom-
etry of 15 marine eukaryotic phytoplankton showed an average
trace metal stoichiometry of Fe; Mny 53Zng 08 Cug.05C00.03M0g.005
(Ho et al., 2003; Barton et al., 2007). High Mn requirements
are likely reflective of the oxygen-generating Mn-containing pho-
tosystem II complex. The elemental stoichiometry of CH4 and
N,O processing microbes is not nearly as well-constrained as
that of eukaryotic phytoplankton, but preliminary studies of
methanogens suggest that, after Fe, Ni is an extremely impor-
tant metal for methanogenesis and anaerobic methanotrophy.
Very little is known about the metal stoichiometry of aerobic
and intra-aerobic methanotrophs and N, O-producing microbes,
although it is predicted that their Cu content is much higher than
both methanogens and phytoplankton, especially in the case of
archaeal ammonia oxidizers. Metallomics — the comprehensive
analysis of the entirety of metal-containing species within a cell
(Szpunar, 2005) — may reveal still more unexpected metals or nat-
ural products excreted by microbes to alter metal bioavailability.
For example, a recent metallomics study of the hyperthermophilic
sulfur-reducing Archeon, Pyrococcus furiosus, revealed 158 unas-
signed metalloprotein peaks, 75 of which contained metals that
the organism was not known to assimilate, such as Pb and U
(Cvetkovic et al., 2010). Furthermore, it is likely that the metal
requirements for each of the pathways reviewed here are amplified
by additional metalloenzymes involved in complex metal cofactor
biosynthesis, such is the case for hydrogenases and nitrogenases
(Rubio and Ludden, 2008; Shepard et al., 2011).

More studies are needed to address gaps in our knowledge of
microbial trace metal physiology. Ideally these studies will make
use of well-defined media and trace metal-clean conditions, such
as Teflon-lined glass bottles for anaerobic studies. Understudied
topics include Zn requirements for methanogenesis, trace metal
content of ANME enzymes (other than the well-studied Mcr),
the influence of Cu on N,O production by archaeal enrichment
cultures, the biochemistry of Cu-enzymes in archaeal ammo-
nia oxidizers, and strategies for metal-binding ligand production
(i.e., methanobactin) in greenhouse gas cycling microbes. The
search for alternative N, O-consuming enzymes in ammonia oxi-
dizers deserves particular attention, as suggested by the ability of
some bacterial nitrifiers lacking the Cu-containing nitrous oxide
reductase enzyme to convert N, O to Nj.

In order to better connect the findings from biochemical and
physiological studies of pure cultures with the larger picture of
global greenhouse gas cycling and environmental metal bioavail-
ability, more in situ studies are necessary. Preliminary studies
suggest that rates of methanogenesis in peatlands may be con-
trolled by Fe, Ni, and Co availability, since addition of all three
metals stimulated methanogenesis in mineral-poor peats. It is
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currently unknown whether one metal was the primary limit-
ing growth element or whether multiple metals were co-limiting
(Saito et al., 2008). If co-limitation was occurring, the addition of
all three elements would result in higher rates of methanogenesis
than any metal added solely. On the other hand, other systems and
pathways may be dominantly regulated by the bioavailability of
only one scarce metal; this seems to be the case for Co(balt) lim-
itation of methylotrophic methanogenesis in anaerobic digesters,
Culimitation of N, O consumption by freshwater denitrifying bac-
teria and possibly Cu limitation of ammonia oxidizing archaea as
suggested by numerous genes encoding Cu-containing proteins in
AOA genomes.

Lastly, relationships between metal bioavailability and fluxes of
greenhouse gases remain largely unexplored, particularly in anaer-
obic ecosystems. High sulfide environments likely pose particular
challenges for microbial metal acquisition due to abiotic sulfide
scavenging and precipitation of metal sulfides. Of the bioessen-
tial metals involved in greenhouse gas cycling, Mo, Fe, and Cu
are most susceptible to sulfide scavenging, followed by Co, Ni,
and Zn (Morse and Luther, 1999). Microbial metal limitation
due to sulfide drawdown may have driven major evolutionary
episodes and geochemical transitions in Earth history (Anbar and

Knoll, 2002; Scott et al., 2008; Dupont et al., 2010). Several such
scenarios have been proposed for metal limitation of microbial
greenhouse gas cycling: a decline in seawater Ni due to cool-
ing of the Earth’s mantle in the late Archean may have limited
methanogenesis and contributed to the Great Oxidation Event
2.4 billion years ago (Konhauser et al., 2009) while low Cu due
to sulfide scavenging in the Proterozoic ocean could have led to
global warming through the build-up of N,O (Buick, 2007). The
question of how metal bioavailability influences greenhouse gas
cycling in ancient and modern ecosystems is just beginning to be
investigated.
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INTRODUCTION

The elemental composition of phytoplankton can depart from canonical Redfield values
under conditions of nutrient limitation or production (e.g., N fixation). Similarly, the trace
metal metallome of phytoplankton may be expected to vary as a function of both ambient
nutrient concentrations and the biochemical processes of the cell. Diazotrophs such as
the colonial cyanobacteria Trichodesmium are likely to have unique metal signatures due
to their cell physiology. We present metal (Fe, V, Zn, Ni, Mo, Mn, Cu, Cd) quotas for Tri-
chodesmium collected from the Sargasso Sea which highlight the unique metallome of
this organism. The element concentrations of bulk colonies and trichomes sections were
analyzed by ICP-MS and synchrotron x-ray fluorescence, respectively. The cells were char
acterized by low P contents but enrichment in V, Fe, Mo, Ni, and Zn in comparison to
other phytoplankton. Vanadium was the most abundant metal in Trichodesmium, and the
V quota was up to fourfold higher than the corresponding Fe quota. The stoichiometry of
600C:101N: 1P (mol mol~") reflects P-limiting conditions. Iron and V were enriched in con-
tiguous cells of 10 and 50% of Trichodesmium trichomes, respectively. The distribution of
Ni differed from other elements, with the highest concentration in the transverse walls
between attached cells. We hypothesize that the enrichments of V, Fe, Mo, and Ni are
linked to the biochemical requirements for N fixation either directly through enrichment in
the N-fixing enzyme nitrogenase or indirectly by the expression of enzymes responsible
for the removal of reactive oxygen species. Unintentional uptake of V via P pathways may
also be occurring. Overall, the cellular content of trace metals and macronutrients differs
significantly from the (extended) Redfield ratio. The Trichodesmium metallome is an exam-
ple of how physiology and environmental conditions can cause significant deviations from
the idealized stoichiometry.

Keywords: extended redfield ratio, metallome, nitrogen fixation, vanadium, iron, nickel, zinc

Similarly, although bulk plankton communities are often charac-

The biogeochemical cycling of many trace metals is controlled,
to a large degree, by their incorporation into plankton biomass
in surface waters and remineralization from degrading plank-
ton at depth. This linkage was proposed for macronutrients by
Redfield (Redfield, 1934, 1958; Redfield et al., 1963), and more
recent studies have expanded the concept to metals (Morel and
Hudson, 1985; Bruland et al., 1991; Ho et al., 2003). Indeed, the
molar stoichiometry of particulate C:N:P in surface waters has
been observed to be strikingly similar to stoichiometries of dis-
solved CO;:nitrate:phosphate in deep ocean seawater (Sverdrup
et al., 1942; Takahashi et al., 1985; Kortzinger et al., 2001). Sim-
ilar relationships can be observed for trace metals, although the
comparisons break down for metals with significant lithogenic
inputs, redox transformations, or scavenging behavior (Morel,
2008). Despite the relative constancy of average C:N:P in the
ocean, macronutrient ratios in specific ocean regions and specific
phytoplankton groups depart significantly from the Redfield ratio
(Sverdrup et al., 1942; Geider and La Roche, 2002; Arrigo, 2005).

terized by a fairly consistent metal stoichiometry (Bruland et al,,
1991; Ho, 2006), individual species and taxonomic groups can vary
significantly in their metal stoichiometries (or quotas), even when
grown under the same conditions (Ho et al., 2003; Twining et al.,
2004, 2011).

The elemental composition of phytoplankton can depart from
canonical Redfield values under conditions of nutrient limitation
or production (e.g., N fixation). The diazotrophic cyanobacterium
Trichodesmium has significantly elevated N contents, relative to P,
when fixing N (White et al., 2006), and blooms of Trichodesmium
can significantly alter the major nutrient stoichiometry of par-
ticular matter in surface waters of the ocean (Karl et al., 1992).
Phytoplankton also vary their major nutrient stoichiometry under
P-limiting conditions (Sterner and Elser, 2002; Ji and Sherrell,
2008), which may be encountered by Trichodesmium in the ocean
(Saiudo-Wilhelmy et al., 2001). Macronutrient limitation can also
result in altered trace metal stoichiometries as cells adjust their bio-
chemical machinery to deal with changing nutrient supplies. For
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example, cells require more Fe, Ni, and Zn to grow on nitrate, urea,
and organic P, respectively, because of the biochemical composi-
tion of the metalloenzymes nitrate reductase, urease, and alkaline
phosphatase (Price and Morel, 1991; Maldonado and Price, 19965
Ji and Sherrell, 2008). Additionally, taxonomic groups can vary
in their metal response to identical macronutrient stresses (Ji and
Sherrell, 2008).

Similarly, diazotrophs such as Trichodesmium are likely to have
unique metal signatures due to their cell physiology. The met-
alloenzyme nitrogenase contains at least 38 atoms of Fe per
holozyme (Whittaker et al., 2011). Kustka et al. (2003b) esti-
mated that 19-53% of cellular Fe in Trichodesmium is bound in
nitrogenase. Such presence of Fe-rich enzymes leads consequently
to elevated Fe quotas in comparison to other phytoplankton
(Berman-Frank et al., 2001). Cellular Mo enrichment relative to
non-diazotrophic phytoplankton also likely results from the pres-
ence of a Mo and Fe (MoFe) cofactor of nitrogenase (Dominic
et al., 2000; Tuit et al., 2004). Furthermore, the concomitant
fixation of N and C in Trichodesmium requires an additional
biochemical defense mechanism against reactive oxygen species,
which deactivate the nitrogenase enzyme. The removal of hydro-
gen peroxide or superoxide by enzymes such haloperoxidase and
superoxide dismutase is thus essential for the process of N fixa-
tion (Dupont et al., 2008b; Johnson et al., 2011). These enzymes
have metal co-factors of their own which may be elevated in Tri-
chodesmium, thus imparting to the organism a unique trace metal
stoichiometry.

In this study we present data on the metal contents, or met-
allome (Williams, 2001; Haraguchi, 2004), of Trichodesmium col-
lected from the Sargasso Sea in the western sub-tropical North
Atlantic Ocean. Metal stoichiometries of whole colonies were
determined using inductively coupled plasma mass spectrometry
(ICP-MS), and trichome sections were assayed using synchrotron
x-ray fluorescence (SXRF). In addition to providing indepen-
dent assessment of the elemental content of the organisms, the
micro-analytical analyses allow us to study the spatial allocation
of these elements and probe their sources. Information about the
metallome is then linked to the biology of Trichodesmium and sev-
eral hypotheses are presented regarding the potential biochemical
associations of these trace metals in this organism.

MATERIALS AND METHODS

SAMPLE COLLECTION

Trichodesmium samples were collected from the Sargasso Sea in
August 2010 during a cruise to the region aboard the R/V Atlantic
Explorer (Bermuda Atlantic Time-Series Study cruise 261). Sam-
ples were collected at six different stations at different times of
the day. All stations were within a 13 km radius and were located
within the same mesoscale water mass as indicated by sea sur-
face height anomaly (Figure 1). Thus the stations are interpreted
to represent one geographical location. Trichodesmium colonies
were collected at a depth of ca. 5m using a 100-pwm plankton net
with a PVC frame. Immediately after collection, 15-20 colonies
were transferred using acid-washed polystyrene inoculation loops
from the cod end to Teflon vials filled with Milli-Q water (>
18 M) for subsequent digestion and ICP-MS analysis. In order
to normalize metal quotas to C and N, as well as to P (which is

obtained via ICP-MS), 20-30 colonies were concurrently picked
at each station for CHN analysis and placed into Teflon vials filled
with filtered seawater. Subsequently, colonies for CHN analysis
were filtered onto pre-combusted GF/F filters, wrapped in alu-
minum foil, and frozen until samples could be dried overnight at
60°C. Additional samples were transferred from the cod end to two
50-mL centrifuge tubes and amended immediately with cleaned
glutaraldehyde to a final concentration of 0.5% for preparation of
SXRF samples.

All shipboard handling was carried out using trace metal clean
materials and tools under a laminar flow hood. The elemental
composition of whole colonies was determined using ICP-MS and
CHN analysis (Table 1). Element distributions and concentrations
in individual trichome sections were assessed with SXRE. Specific
efforts to disaggregate colonies during SXRF sample preparation
were not made, but individual free (i.e., non-overlapping) tri-
chomes were chosen for analysis to enable interpretation of the
resulting 2D element maps. No effort was made to identify or
remove any attached bacteria, eukaryotes, or mineral material
associated with colonies prior to analysis.

BULK ELEMENT ANALYSIS

Trichodesmium colonies were digested in Teflon vials prior to ICP-
MS analysis. Vials were first cleaned via an overnight soak in 2M
HCI followed by boiling in aqua regia for 4h. Vials were then
rinsed five times with Milli-Q and dried in a class-100 laminar
flow hood. Trichodesmium samples were digested in 6 M Optima
HNO3 at 150°C for 4 h. This was repeated twice with dry-down in
between. Following digestion, each sample was taken up in 0.6 M
HCI (Optima Grade) and In-115 was added as internal standard.
Elemental contents of samples were more than 40-fold above those
of blank digest vials that were filled with Milli-Q water in the field
and treated exactly as samples. Digest blank values were subtracted
from samples.

Samples were analyzed by high-resolution inductively coupled
mass spectrometry (HR-ICP-MS, FinniganMAT, Element 2) using
an Apex PFA desolvator/nebulizer (Elemental Scientific, Omaha,
NE). A freshwater plankton standard (BCR-414, Commission of
the European Communities) was analyzed to check analyte recov-
eries. The elements Al, Mn, Fe, Cu, and Zn had recoveries of
100 £ 5%, while recoveries of Cd (110%), Mo (132%), and Ni
(150%) were higher. Trichodesmium C and N quotas were deter-
mined using a Perkin-Elmer 2400 CHN analyzer. Element signals
were 23- to 41-fold above those in blank ashed GF/F filters; blank
values were subtracted from samples.

SXRF SAMPLE ANALYSIS

Samples for single-trichome SXRF analysis were prepared either
with or without an oxalate-EDTA treatment to remove adsorbed Fe
(Tovar-Sanchez et al., 2003). For the non-oxalate-treated samples,
glutaraldehyde-fixed Trichodesmium colonies or single trichomes
were removed from the centrifuge tube and pipetted in 10-nL
drops onto LUX film-coated Cu TEM grids (Ted Pella, Redding,
CA). In order to avoid the formation of salt crystals, seawa-
ter was delicately wicked from the grids using the corner of a
Kimwipe. A 10-pL droplet of Milli-Q was then pipetted onto the
grid and immediately removed from the grid using a Kimwipe.
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Real-Time Mesoscale Altimetry - Aug 20, 2010
67 W 66 W 65 W 64 W 63 W
33N 33N
32N 32N
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30N T 30N
67 W 66 W 65 W 64 W 63 W
Sea Surface Height Anomaly (cm)
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FIGURE 1 | Location of sampling stations in the Sargasso Sea overlaid Envisat satellites (Colorado Center for Astrodynamics Research,
on a map of sea surface height anomaly as determined by remote University of Colorado at Boulder; Leben et al., 2002). Bermuda can be
sensing from Jason, TOPEX/Poseidon, Geosat Follow-On, ERS-2 and seen to the northwest of the study region.

Table 1 | Summary of locations, sampling times, ambient temperature and salinity, and analyses performed.

Station Latitude Longitude Local date Local time Temperature Salinity ICP-MS/CHN  SXRF (GSECARS) SXRF (2ID-E)
1 32°10'N 64° 30'W 8/19/10 14:30 n.d. n.d. 4 n.d. n.d.

2 31°58'N 64° 17’W 8/19/10 23:00 28.9 36.7 3 n.d. n.d.

3 31°66'N 64° 17'W 8/20/10 8:00 28.5 36.7 4 9 n.d.

4 31° 66'N 64" 17'W 8/20/10 19:30 28.7 36.7 4 2 n.d.

5 31°70'N 64° 16'W 8/21/10 15:00 28.7 36.7 4 " n.d.

7 31°67'N 64° 17'W 8/22/10 12:00 28.8 36.7 n.d. 7 14

The number of replicate samples analyzed is listed for each technique. For inductively coupled plasma mass spectrometry (ICP-MS) and CHN analysis the number of
replicate bulk colony assemblages analyzed is shown. For synchrotron x-ray fluorescence (SXRF) the number of trichome sections analyzed is shown. GSECARS and
2ID-E indicate the beamlines used to conduct SXRF analyses at the Advanced Photon Source.

The samples were then allowed to air dry in a laminar flow hood.
For the oxalate-treated samples, a second batch of glutaraldehyde-
fixed colonies were filtered onto 25-mm diameter 1-pm pore
polycarbonate filter membranes under low vacuum pressure (<
50 mm Hg) and soaked for 15 min in trace-metal clean oxalate-
EDTA reagent (Tovar-Sanchez et al., 2003). Soaked cells were

subsequently rinsed three times with 0.8 mol L~! ammonium for-
mate solution isotonic to seawater. Trichodesmium colonies were
then resuspended in fresh ammonium formate solution and indi-
vidual colonies or trichomes were pipetted onto LUXfilm grids
and allowed to air dry. Dried grids were stored in the dark until
SXRF analysis.
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Element concentrations and distributions within sections of
trichomes were analyzed at the Advanced Photon Source (Argonne
National Laboratory, Argonne, Il, USA) using hard x-ray micro-
probe beamlimes 2ID-E and GSECARS 13ID-C. The 2ID-E beam-
line allows for high-resolution imaging (ca. 0.4 um FWHM) via
a 10 keV x-ray beam focused with a Fresnel zone plate with a 320
micron diameter and 100 nm outermost zonewidth (X-radia, Inc,
Plesanton, CA). The 13ID-C beamline uses Kirkpatrick-Baez mir-
rors to focus a larger beam (ca. 2 wum FWHM) useful for efficient
scanning of larger areas. The lower resolution at GSECARS 13ID-
C enables scanning of larger sections of trichomes at the expense
of higher spatial resolution. Samples were analyzed at both beam-
lines inside a He-filled sample chamber to reduce background Ar
fluorescence and maximize efficiency of detection of x-ray fluo-
rescence originating from low-Z elements. At GSECARS samples
were analyzed using a monochromatic 7.3 keV x-ray beam in order
to improve sensitivity for elements of lower energy such as Pand S.

Element quantification of spatial regions of interest (ROL e.g.,
trichome section, background) within each trichome section was
performed as described by Twining et al. (2011). Briefly, spectra of
pixels belong to each ROI were averaged and fit using the software
package MAPS (Vogt, 2003). A multi-element exponentially mod-
ified Gaussian peak model was used to convert peak areas to areal
element concentrations using NBS-certified thin-film standards
(SRM 1832 and SRM 1833). The conversion factor for the ele-
ments P and S which are not present in either SRM was obtained
interpolating the conversion factor of other elements as a func-
tion of their theoretical fluorescence yield (Nunez-Milland et al.,
2010). The areal element concentration of each trichome ROI was
calculated after subtraction of a background ROI recorded in close
proximity to the trichome ROL

STATISTICAL TREATMENT

Phosphorous-normalized element stoichiometries for samples
taken at different time points and measured using ICP-MS were
compared using a non-parametric Kruskal-Wallis test (JMP 9,

SAS Institute, Cary, NC, USA). As a subsample of SXRF sam-
ples was treated with an oxalate solution, a two-way ANOVA was
used to test the significance of sampling time and oxalate treat-
ment effects. As the oxalate and non-oxalate samples showed no
significant difference (p> 0.05) for metal and S quotas, these
data were subsequently grouped together, and temporal vari-
ability of S-normalized metal stoichiometries was tested using a
non-parametric Kruskal-Wallis test.

RESULTS

ELEMENTAL CONTENT OF TRICHODESMIUM COLONIES

The bulk elemental content of Trichodesmium colonies was
assessed by analyses of picked colonies (Table 2). The measure-
ment of C and N on concurrent samples for each station allowed
normalizing ICP-MS element signatures to these additional bio-
mass proxies. Mean (£ SD) C:N (6.03 & 1.05molmol™!) was
slightly below the canonical Redfield ratio (6.7 mol mol~"). How-
ever mean N:P ranged from 93 to 148 mol mol~! at each station,
and mean C:P was four- to seven-fold above the Redfield ratio
of 106 mol mol~! (Table 2), suggesting that cells were severely P-
limited under the oligotrophic late-summer conditions present in
the surface waters of the Sargasso Sea. Vanadium was the most
abundant metal in the colonies (66—100 wmol mol~! C), followed
by Fe (21-40 pmol mol™!' C), Zn (629 umol mol~! C), Ni and
Mo (9-17 pmol mol~! C), and Mn and Cu (4-9 pmol mol~! C;
Table 2). Cadmium was approximately two orders of magnitude
less abundant in Trichodesmium (0.01-0.12 umol mol~! C).

P- AND S-NORMALIZED METAL STOICHIOMETRIES

While C provides the most direct proxy for cell biomass, C
was not measured on the exact same samples as trace metals
due to the different analytical techniques required. Phospho-
rus, however, was measured on the same sample digests as the
metals, so P-normalized metal stoichiometries are used to more
precisely normalize metal contents to variations in colony bio-
mass between the picked samples. Mean P content per colony

Table 2 | Mean element quotas measured by CHN and ICP-MS for Trichodesmium colonies collected from the Sargasso Sea.

Station C N P \" Mn Fe Ni Cu Zn Mo Cd CN CP V:C MnC Fe:C NiiC CuC Zn:C Mo:C Cd:C
Blank 129 385 nd. 0.03 002 038 001 nd. nd. nd. nd
6.58 172 nd. 001 0.01 015 0.01
1 582 994 098 58.1 509 173 634 39 631 839 581 59 596 100 8.7 30 1 6.7 1 14 0.10
129 246 028 nd 125 399 165 093 5.1 539 158 02 216 22 29 95 37 22 91 98 0.035
2 545 923 0.76 36.1 3.86 11.7 4.74 276 3.02 922 397 59 716 66 7.1 21 87 5.1 55 17 0.07
453 6.75 032 176 159 261 184 161 094 487 37 02 282 33 3.0 51 34 30 1.8 9.0 0.068
3 633 97 1.34 574 5.83 222 958 356 13.31 643 729 6.8 474 91 9.2 35 15 56 21 10 0.12
194 351 025 29 077 851 31 072 855 232 342 2.1 170 54 3.1 17 6.7 2.1 15 4.8 0.065
4 518 86.9 0.74 452 391 114 557 219 9.8 52 277 59 702 87 75 22 1 42 19 10 0.05
977 126 0.12 77 052 286 111 028 82 105 939 03 173 22 17 69 30 10 16 2.8 0.021
5 379 679 0.74 329 343 15 594 23 11.08 6.08 318 56 514 87 9.1 40 16 6.1 29 16 0.08
475 59 0.16 53 055 12.7 108 0.59 12.19 153 14 09 127 18 18 337 35 17 32 4.5 0.038

C, N, and P are in units of nmol-colony~'; Fe, Zn, Mn, Cu, Ni, Mo, and V are in units of pmol-colony~', and Cd data are in units of fmol-colony~'. C:N and C:P data
are in units of molmol-'; Fe:C, Zn:C, Mn:C, Cu:C, Ni:C, Mo:C, Cd:C, and V:C in wumolmol-'. Blanks were calculated by dividing the mean elemental content of blank

digestion vials by the typical number of colonies per sample vial (n= 20). SD for C-normalized ratios were calculated by propagation of error. The number of replicate

samples analyzed for each element is shown in Table 1. Mean, bold; SD, italics; n.d., below detection limit.

Frontiers in Microbiology | Microbiological Chemistry

April 2012 | Volume 3 | Article 150 | 167


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiological_Chemistry
http://www.frontiersin.org/Microbiological_Chemistry/archive

Nuester et al.

The biogeochemical signature of Trichodesmium

varied 1.8-fold between stations (Table 2), but the P-normalized
metal stoichiometries measured by ICP-MS follow the trends
observed in the C-normalized stoichiometries (V:P > Fe:P > Zn:P
~ Ni:P &~ Mo:P > Mn:P > Cd:P; Table 3).

Stoichiometries of several metals (Fe, Mn, V) were measured
with both ICP-MS and SXRF in Trichodesmium collected from
the same station, enabling direct comparisons between the tech-
niques (Figure 2). Fe:P stoichiometries were generally comparable
(10-25 mmol mol™!), while Mn:P showed a systematic offset, with
approximately threefold higher Mn:P measured in picked colonies
with ICP-MS (4.4-5.3 mmol mol™!) than measured in sections
of trichomes with SXRF (1.1-1.7 mmol mol™!). V:P stoichiome-
tries were fairly constant in communities of picked Trichodesmium
(41-63 mmol mol~!) but were highly variable in subsections of
the trichomes analyzed with SXREF, ranging more than 500-fold
in trichomes collected from the same station. This complicates

comparison between techniques. However, SXRF V:P stoichiome-
tries were consistently higher than ICP-MS V:P stoichiometries at
one station, consistently lower at another station, and spanned the
ICP-MS stoichiometries at a third station, indicating that there
was not a systematic offset in results between the techniques and
that SXRF stoichiometries are a strong function of which trichome
section is analyzed.

Sections of two Trichodesmium colonies were further analyzed
at two different beamlines to examine variability on different spa-
tial scales. The compatibility of the data from the two beamlines
was assessed by comparing areal concentrations measured on the
same trichome section. The overlapping regions of analysis are
indicated for trichomes C and D in Figures 3 and 4, respectively.
The areal concentrations for V, Mn, and Fe measured at GSECARS
were consistently two- to five-fold below those measured in over-
lapping trichome sections at 2ID-E (Figure 5; Table 4). However

Table 3 | P-normalized mean metal stoichiometries of Trichodesmium measured by ICP-MS or SXRF.

Station Technique Time V:P Mn:P Fe:P Ni:P Zn:P Mo:P Cd:P
1 ICP-MS 14:30 50.4 5.4 20.0 6.5 8.0 8.7 64.9
1.4 11.7 0.6 8.6 4.5 30.9
2 ICP-MS 23:00 47.0 5.1 16.9 6.5 4.4 1.9 479
76 0.6 5.9 1.5 1.2 3.1 370
3 ICP-MS 8:00 415 4.4 16.3 76 9.6 5.1 52.6
15.9 0.5 4.3 5.3 0.2 2.5 172
3 SXRF 8:00 96 1 13
30 02 3.7
4 ICP-MS 19:30 63.1 5.3 15.6 77 13.7 7.0 376
175 0.7 4.4 1.9 12.7 0.7 12.6
4 SXRF 19:30 2.8 1.3 28.6
3.9 0.5 25.9
5 ICP-MS 15:00 45.3 4.7 19.0 8.1 135 8.6 415
18.7 0.3 12.2 1.1 12.5 2.8 10.6
5 SXRF 15:00 108 1 24
235 1 22
7 SXRF 12:00 70 3 63 68
43 2 32 54

Cd:P stoichiometry is presented as umolmol" and Mo:R V:P Mn:F, Fe:R, Ni:F and Zn:P data are presented as mmolmol~'. Mean, bold; SD, italics. Only data for

non-oxalate-washed trichomes or colonies are included.
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FIGURE 2 | P-normalized metal quotas of Trichodesmium as different trichome sections in colonies collected from the same station
determined by ICP-MS and SXRF on samples collected at the same (SXRF). Only data for non-oxalate-washed trichomes and colonies are
station. The bars are means + SD for replicate filters (ICP-MS) or for included.
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low high

FIGURE 3 | Light micrographs, false-color element (P S, V, Fe and
Ni) maps, and differential phase contrast images (phase)
(Hornberger et al., 2008) of Trichodesmium trichome C. The color
scale for element maps is shown, with warmer colors indicating higher
element concentrations. The color scheme of the differential phase

contrast image does not follow the color scale for the element maps.
The location of each trichome section is indicated on the light
micrograph with a unique outline color. Maps C-1 (green), C-2 (yellow),
and C-3 (blue) were recorded at the GSECARS beamline, while maps
C-l to C-IV (red) were recorded at 2ID-E.

FIGURE 4 | Light micrographs, false-color element (P, S, V, Fe and Ni)
maps, and differential phase contrast images (phase) (Hornberger

et al., 2008) of Trichodesmium trichome D. The color scale for element
maps is shown, with warmer colors indicating higher element
concentrations. The color scheme of the differential phase contrast image

does not follow the color scale for the element maps. The location of each
trichome section is indicated on the light micrograph with a unique outline
color. MAP D-1 (green) was recorded at the GSECARS beamline, while
maps D-l (orange), D-II (dark blue), D-III (light blue), D-IV (yellow), and D-V
(red) were recorded at 2ID-E.

metal concentrations normalized to biomass proxies P or S were
generally comparable between beamlines (Figure 5).

A subset of the Trichodesmium colonies analyzed with SXRF
was treated with an oxalate-EDTA solution to remove exter-
nally bound Fe, enabling comparisons between treated and
untreated trichomes. Areal concentrations (nmol cm™2) of S, Fe,
Mn, and V were not significantly different in oxalate-treated
trichome sections compared to non-oxalate-treated trichome
sections (two-way ANOVA, p > 0.267), however least-square mean

P concentrations were 47% lower in treated trichomes (p =0.012;
Figure 6). Due to the sparse Trichodesmium population encoun-
tered during the sampling campaign, the effect of an oxalate-EDTA
treatment was only assessed for SXRF samples and not for ICP-MS
and CHN samples.

Trichodesmium samples were collected at different times of
day over the course of the cruise, and temporal differences were
examined separately in the ICP-MS and SXRF datasets. Bulk ICP-
MS P-normalized stoichiometries for non-oxalate-rinsed colonies
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FIGURE 5 | Comparison of element concentrations in overlapping
trichome sections analyzed with GSECARS and 2ID-E beamlines. The
panels on the left presentV, Fe, and Mn concentrations as nmolcm=2. The
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four panels on the right presentV, Fe, and Mn concentrations normalized to P
(mmol mol~"). The bars are means £+ SD. n.d., concentrations below detection
level.

Table 4 | Comparison of areal element concentrations and P- and S-normalized stoichiometries for V, Mn, and Fe measured at GSECARS and at

2ID-E.
GSECARS 2ID-E

Trichome V Mn Fe V:P Mn:P FelP V:S MnS Fe:S Trichome V Mn Fe ViP Mn:P FelP V:S MnS FeS

C-1 1.02 001 024 143 162 333 257 029 597 C 208 003 106 116 285 563 155 023 786

C-2 0.47 0.02 061 755 351 984 170 0.79 2212 C-l 127 005 117 744 392 670 13.1 049 121

C-3 0.72 0.01 023 112 156 365 188 026 6.10 C-li 116 0.03 122 598 259 608 121 036 128

D-1 0.80 nd. 0.16 190 n.d. 39.3 442 nd. 9.15 DAl 410 nd. 088 209 n.d. 432 299 nd. 6.41
D-lI 520 nd. 121 205 n.d. 458 36.5 n.d. 8.45
D-lI 529 nd. 097 221 nd 39.1 38.8 n.d. 714
D-IV 349 nd. 090 171 n.d. 424 263 n.d. 6.77

Areal concentrations are presented in nmolcm=2, while P- and S-normalized data are presented in mmol mol-'.

varied significantly with time only for Cu:P (Kruskal-Wallis test,
p=0.042), as variations in bulk V:P, Fe:P, Mn:P, Ni:P, Mo:P, AL:P,
and Zn:P were not significant (Figure 7). Temporal variations in
SXRF-analyzed trichomes were assessed with S-normalized stoi-
chiometries due to the lack of an effect of oxalate on S; this allowed
us to use all SXRF data in the comparison, increasing statistical
power. Only Fe:S varied significantly with time (Kruskal-Wallis
test, p=0.010), with the highest Fe concentrations measured
at noon (Figure 8). Bulk ICP-MS analyses could not be per-
formed for the noon sampling station due to a lack of sufficient
Trichodesmium biomass (Table 1), and this difference in the com-
position of the datasets likely explains the contrasting statistical
results for the ICP-MS and SXRF data (as the highest Fe:P was
observed at noon).

SPATIAL ELEMENT DISTRIBUTION WITHIN TRICHODESMIUM
TRICHOMES

The spatial distribution of elements within Trichodesmium was
studied using SXRF mapping at two different beamlines with dif-
ferent spatial resolution. The step size was 1.5 and 0.4 wm for GSE-
CARS and 2ID-E, respectively. Element maps for P, S, V, Fe, and Ni
were compared to each other and to light micrographs of the same
trichome (Figures 3—4, 9-11). The outline of the Trichodesmium
trichomes is evident in both the light micrographs and the element
maps. Phosphorus and S were generally more evenly distributed
along trichomes than V and Fe (e.g., Figures 3—4, 9-11). Where
regions of Fe and V enrichment were observed, they typically did
not overlap with each other. For example, in trichome section
D-1 two zones of Fe enrichment are separated by a region of
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FIGURE 7 | Temporal comparison of P-normalized element quotas
determined by ICP-MS for natural Trichodesmium populations. Bars are
means + SD.

elevated V in contiguous cells; this was confirmed at two sepa-
rate beamlines (Figure 4). Other sections of the same trichome
have very homogenous elemental distributions. While Fe enrich-
ments zones were found in approximately 10% of trichomes, V was

less uniformly distributed and zones of enrichment were observed
in ca. 50% of trichomes (e.g., Figure 3, Map C-1, C-2). The high
spatial variability of V and Fe seen in trichome D is shown quanti-
tativelyina 1-D line plot presenting per-pixel concentrations along
the main axis of trichome section D-1 (Figure 12). The high vari-
ability within a trichome is further illustrated by a comparison of
the areal concentrations of P- and S-normalized metal stoichiome-
tries calculated for different regions of interest within trichomes C
and D using data from either GSECARS or 2ID-E (Table 4). Both
V and Fe varied two- to three-fold between sections of the same
trichome.

The higher incident x-ray energy used at 2ID-E also allowed us
to map the Ni distribution within trichome sections. In contrast
to V or Fe, Ni did not show notable enrichment in contiguous cells
of a trichome. However the sub-cellular Ni distribution within a
trichome differed from the distribution of other elements such as
P, S,V, Mn, and Fe. While the concentrations of the latter elements
were highest within each cell, Ni was most abundant in the mem-
branes connecting the cells (Figure 4, Maps D-III and D-V). Such
Ni distribution was not observed in trichome C (Figure 3).

DISCUSSION

It is widely acknowledged that diazotrophs such as Trichodesmium
have high Fe quotas as a result of the biochemical demands of
the nitrogenase enzyme (Raven, 1988; Berman-Frank et al., 2001;
Kustka et al., 2003a), however elevated quotas of other metals
in Trichodesmium that may result from their unique physiology
have received less attention. This study documents elevated V,
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FIGURE 8 | Temporal comparison of S-normalized element
stoichiometries determined with SXRF (combined oxalate and
non-oxalate data from both beamlines) on individual trichome sections.

Bars are means + SD. The statistical significance of the effect of sampling
time on the element stoichiometries (as determined with a non-parametric
Kruskal-Wallis test; see text), is shown in each panel.

Ni, and Mo in Trichodesmium collected from the Sargasso Sea,
utilizing both bulk and single-cell elemental analyses, and attempts
to understand the causes of this unique elemental signature.

Studies of metal quotas in plankton typically present metal con-
tents normalized to cell biomass. The major elemental constituents
C and P are often used as somewhat interchangeable proxies of
biomass (e.g., Bruland et al., 1991), however the Trichodesmium
samples analyzed in this study were significantly depleted in P
relative to C and N, and thus comparisons between these results
and other studies will depend on the choice of biomass proxy.
Previous studies have documented similar enrichments in cellular
C and N, relative to P, in Trichodesmium from the Sargasso Sea
and grown in culture under P-limited conditions (White et al,,
2006; Orchard et al., 2010b), and Safiudo-Wilhelmy et al. (2001)
argue that Trichodesmium in the North Atlantic can be limited by
P availability. Phosphorus limitation of Trichodesmium is further
indicated by the Trichodesmium N:P ratios, which were elevated
above 50; this has been suggested as an indicator of P limita-
tion (Geider and La Roche, 2002). In contrast, Trichodesmium
collected from more P-replete waters near Western Australia pre-
sented a mean C:N:P ratio of 154:25:1 (Berman-Frank et al.,
2001).

Comparisons to cellular S measured with SXRF also indicate
that the Trichodesmium were depleted in P. Sulfur is incorporated

into cells primarily via cysteine and methionine and has been used
as an additional biomass proxy in previous SXRF studies (Twining
et al., 2004, 2011; King et al., 2011). Phosphorus:sulfur ratios in
P-replete cells experiencing elementally balanced growth are typ-
ically close to 1 (Payne and Price, 1999; Ho et al., 2003; Twining
etal., 2011), but P:S reported here for Trichodesmium are approx-
imately three- to six-fold below this (Table 5). Trichodesmium is
able to substitute non-P sulfolipids for phospholipids under P lim-
itation (Van Mooy et al., 2009), and this may also contribute to the
reduced P:S stoichiometries.

Irregardless of the choice of biomass proxy, comparisons to
published data clearly indicate that the Trichodesmium in this study
have elevated V, Mo, and Ni contents. In most non-diazotrophic
taxa Fe is generally the most abundant metal, followed by Zn, Mn,
Ni, Cd, and Mo (Bruland et al., 1991; Sunda and Huntsman, 1995,
2000; Ho et al., 2003; Twining et al., 2011). In contrast, V was
found to be the most abundant metal in Trichodesmium, with the
mean V quota exceeding the mean Fe quota by threefold. While
less abundant than Fe (and V), C-normalized Mo, and Ni quotas
were approximately 50- and 3-fold higher in Trichodesmium than
in previously studied non-diazotrophs (Ho et al., 2003; Twining
et al., 2011). Indeed, Mo and Ni were present at levels similar
to that of Zn, which is usually at least three times more abun-
dant than these metals in phytoplankton (Bruland et al., 1991;
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FIGURE 9 | Light micrographs, false-color element (P, S,V, Fe and
Ni) maps, and differential phase contrast images (phase)
(Hornberger et al., 2008) of a Trichodesmium trichome. The color
scale for element maps is shown, with warmer colors indicating higher
element concentrations. The color scheme of the differential phase

contrast image does not follow the color scale for the element maps.
The location of each analyzed trichome section is indicated on the light
micrograph. MAP A-1 (orange) and map A-2 (green) were recorded at
the GSECARS beamline, while maps A-l (red) and A-ll (yellow) were
recorded at 2ID-E.

E-1

FIGURE 10 | Light micrographs and false-color element (P, S,V, and Fe) maps of a Trichodesmium trichome. The color scale for element maps is shown,
with warmer colors indicating higher element concentrations. The trichome section E-1 shown in the light micrograph was analyzed at GSECARS.

Twining et al., 2011). Given the depressed P contents of the tri-
chomes, P-normalized quotas of V, Fe, Zn, Mn, Ni, and Mo are
also higher than has been observed in other groups of phyto-
plankton (Bruland et al.,, 1991; Ho et al., 2003; Twining et al,,
2011). The present results are in agreement with previous studies
on field populations of Trichodesmium collected from the western

sub-tropical North Atlantic (Tovar-Sanchez et al., 2006; Tovar-
Sanchez and Sanudo-Wilhelmy, 2011), which also showed high
cellular V, Mo, and Ni quotas. However, V stoichoimetries reported
here are at least 10-fold higher than measured in Trichodesmium
from the other regions (Tovar-Sanchez et al., 2006; Tovar-Sanchez
and Sanudo-Wilhelmy, 2011).
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map was recorded at GSECARS.

FIGURE 11 | Light micrographs and false-color element (P, S,V, and Fe) maps of a Trichodesmium trichome. The color scale for element maps is shown,
with warmer colors indicating higher element concentrations. The location of the analyzed trichome section is indicated on the light micrograph in red (V-1). This
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FIGURE 12 | One dimensional line plot along the main axis of trichome
D-1. Data were extracted from the entire visible section of the trichome
mapped here. Associated elemental maps of BV, and Fe are given below.

This unique elemental signature of Trichodesmium does not
appear to result from external non-cellular material attached to
the cells. As the Sargasso Sea receives atmospheric deposition of

Table 5 | Comparison of S-normalized stoichiometries for PV, Mn, and
Fe measured at GSECARS and at 2ID-E.

Time P:S V:S Mn:S Fe:S
8:00 196 26.2 0.16 4.15
81.0 215 0.06 122
12:00 203 18.8 0.24 11.0
108 12.6 0.24 12.7
15:00 355 18.4 0.25 4.78
323 20.5 0.15 2.36
19:30 160 0.57 0.20 5.43
65.9 0.80 0.01 6.05

Data are presented in mmol mol-". Mean, bold; SD: italics.

aerosols of anthropogenic origin due to fossil fuel combustion
in North America, adsorbed dust particles are a possible cause
of apparent increased quotas. Such combustion-derived aerosols
are enriched in V and Ni in comparison to soil-derived dust
particles (Sholkovitz et al., 2009). However only a few of the non-
oxalate rinsed trichome sections analyzed by SXRF had localized
V hotspots which do not correspond to the structure of contigu-
ous cells within a trichome (Figure 3 C-I to C-IV). Similar Fe
hotspots were also detected in a few trichomes (Figure 3 Map
C-1 and C-3), but these hotspots do not drive the higher V and
Fe quotas of the trichomes. Removing the pixels containing these
potential external particles reduces the V and Fe quotas by less
than 5%. Further, because V, Fe, and Ni do not co-localize in these
hotspots, an anthropogenic origin for these particles is unlikely.
Rather, it is likely that the particles are lithogenic. Recent work
by Rubin et al. (2011) indicates that Trichodesmium may process
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particulate Fe associated with colonies to obtain Fe. However, given
that Fe:P ratios were comparable in analyzed colonies and individ-
ual trichomes, and that the Fe hotspots observed on the trichomes
did not contribute significantly to their Fe content, it does not
appear that external particles associated with colonies were a sig-
nificant contributor to Trichodesmium elemental composition in
this study. Although significant populations of metazoa, protozoa,
algae, and bacteria may be associated with Trichodesmium colonies
(Sheridan et al., 2002; Hewson et al., 2009), efforts were made to
avoid these through manual isolation of individual colonies. The
comparable Fe results for colonies and individual trichomes again
suggest that such organisms, if present, also did not contribute
significantly to the elemental content of the Trichodesmium.

Results from the oxalate rinse also indicate that the elevated
metal quotas are not due to extracellular material. A comparison of
the areal concentrations (nmol cm~2) for oxalate and non-oxalate-
treated cells from each station reveals that neither Fe and V, nor
Mn and S, varied significantly between rinse treatments. To what
extend this oxalate rinse can remove other elements such as V, Mn,
or S has not been studied in detail. Although the oxalate treatment
was developed to remove externally adsorbed Fe (Tovar-Sanchez
et al., 2003), we observed P removal of up to 47% from oxalate-
treated trichome sections; this matches previous reports of oxalate
usage with Trichodesmium (Sanudo-Wilhelmy et al., 2004). The
SXRF samples were fixed with glutaraldehyde prior to rinsing, and
this could have impacted the lability of internal P as well (Tang
and Morel, 2006), but other studies with unfixed Trichodesmium
have reported even higher P removal with oxalate (Tovar-Sanchez
and Sanudo-Wilhelmy, 2011). Overall the oxalate treatment did
not affect the areal metal concentrations of Trichodesmium signif-
icantly, and we conclude that the influence of adsorbed lithogenic
material on the quotas is insignificant.

While increased cell quotas do not necessarily indicate
increased biological requirements, the elevated quotas of V, Fe,
and Mo may result from Trichodesmium’s biochemical machinery,
including metalloenzymes related to the demands of N fixation.
Nitrogen fixation is enabled by the expression of the metalloen-
zyme nitrogenase. There are three known metallotypes of nitro-
genase, containing either Mo and Fe (MoFe), V and Fe (FeV),
or Fe only (FeFe; Bothe et al., 2010). Each type of nitrogenase
requires a specific nitrogenase reductase (i.e., nifH, vnfH, and
anfH, respectively) which is properly redox-tuned to the corre-
sponding nitrogenase, as well as a suite of other proteins for proper
enzyme assembly. While it is tempting to explain the V contents
of Trichodesmium through expression of FeV nitrogenase, the Tri-
chodesmium erythraeum genome lacks the 8 subunit encoded by
vnfG which is thought to be required for V-dependent N fixation
(Eady, 2003; and references therein). Furthermore, in Azotobacter
vinelandii, a model bacterium containing all three metallotypes of
nitrogenase, nif DK (encoding for the MoFe protein) is universally
expressed in the presence of MoFe whereas vif DGK (encoding for
FeV protein) is expressed only under low Mo conditions or under
cooler temperatures. Neither condition applies to the Sargasso Sea,
suggesting little if any selective pressure toward a V-dependent N
fixation pathway in Trichodesmium. Given the high and nearly
conservative concentrations of Mo in seawater (ca. 100 nM), the
high intracellular Mo quotas measured here, and the lack of spatial
or temporal correlations of V and Fe in cells, it appears that the

nitrogenase enzyme is likely responsible for the elevated Fe and Mo
contents — but not the elevated V contents — of Trichodesmium.

The high V content of Trichodesmium may instead result from
the presence of other V-dependent metalloenzymes. Vanadium can
also serve as a cofactor in haloperoxidases, and vanadium haloper-
oxidases (VHPO) have been structurally characterized for marine
red (Corallina officialis) and brown (Ascophyllum nodosum) algae,
as well as in the fungi Curvularia inaequalis (reviews in Crans et al.,
2004; Winter and Moore, 2009). If expressed, such VHPOs may act
as an antioxidant and help neutralize reactive oxygen species such
as hydrogen peroxide (Drabkovd et al., 2006, 2007). Hydrogen
peroxide is a by-product of photosynthesis (Bienert et al., 2006)
and is especially damaging to the nitrogenase enzyme (Fay, 1992).
An antioxidant role of VHPOs in Trichodesmium would be espe-
cially beneficial because Trichodesmium fixes N during daylight,
and neutralizing reactive oxygen species by VHPOs might help
facilitate simultaneously fixation of C and N. Johnson etal. (2011)
recently described a 68 kDa VHPO encoded in the genome of the
coastal cyanobacterium Synechococcus CC9311 and demonstrated
the protein’s capacity for bromoperoxidase activity. As homologs
were only present in one other sequenced Synechococcus genome,
they suggested this may be the result of a recent horizontal gene
transfer event into Synechococcus. The T. erythraeum genome con-
tains a putative acid phosphatase/vanadium-dependent haloper-
oxidase related protein (Accession number ABG53180). However
the putative Trichodesmium protein, predicted to be 151 amino
acids long (16.6 kDa), is much smaller than the well-characterized
609 amino acid (67.5kDa) VHPO from Curvularia inaequalis
(Accession CAA59686.1; Simons et al.,, 1995), and the T. ery-
thraeum protein does not align with the region of the C. inaequalis
protein that contains the amino acids required for activity (Hem-
rika et al., 1999). At this point, genomic evidence for either a V-
dependent nitrogenase or a V-dependent HPO (with amino acids
known to coordinate V in other VHPOs) is lacking. However, there
are numerous metalloproteins in prokaryotes, including those that
incorporate V, that have yet to be identified (Cvetkovicetal.,2010).

Vanadium could also be accumulated unintentionally by Tri-
chodesmium via phosphate uptake mechansisms. If not complexed
by siderophore-like compounds (Bellenger et al., 2007, 2011), V is
expected to be present primarily as H VOZ_ at pH 8 under oxic con-
ditions (Crans et al., 2004). Vanadate and phosphate are similar in
structure and electronic properties, but phosphate is more inert
and not involved in redox transformations (Crans et al., 2004).
Given that Trichodesmium populations are sometimes P-limited
in the North Atlantic (Sanudo-Wilhelmy et al., 2001; Mills et al.,
2004) it is intriguing to speculate that vanadate acquisition may
occur under vanishingly low phosphate concentrations. Arsenate
is taken up by phytoplankton via phosphate transporters (Orem-
land and Stolz, 2003), and As reduction (which follows uptake) is
correlated with chlorophyll concentrations in the western North
Atlantic (Cutter et al., 2001). While a P dependence of arsenate
uptake has not been confirmed at the ultra-low phosphate con-
centrations characteristic of the Sargasso Sea (Foster et al., 2008),
it is quite plausible that V may be taken up through this mech-
anism. It is interesting to note that the spatial distributions of
V and P in the trichomes are not identical (Figures 3—4, 9-11).
The difference in cellular allocation may reflect redox reactions or
other intracellular sequestration of V following uptake.
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In order to allow for N fixation in the non-heterocystous
cyanobacterium Trichodesmium spatial and temporal separation
strategies are thought to separate the oxygen sensitive nitroge-
nase enzyme from the photosynthesis machinery (Berman-Frank,
2001; Berman-Frank et al., 2007; Finzi-Hart et al., 2009). Some
trichomes collected at noon in this study showed the presence of
contiguous cells enriched in Fe. In some samples these regions of
elevated Fe were not evenly distributed over the whole trichome
but were localized to zones separated by regions enriched in V
(Figures 4, 11-12). Such zones of Fe enrichment appear similar
to the diazocytes identified in Trichodesmium (El-Shehawy, 2003;
Sandh et al,, 2011) and may represent zones of N fixation. In
addition, such Fe enrichment zones in Trichodesmium were only
observed for trichomes collected at noon. Interestingly, the mean
Fe:P ratio for Trichodesmium samples collected at noon was signif-
icant higher than at any other sampling time. This is in agreement
with the hypothesis that the onset of N fixation follows C fixation
at midday (Finzi-Hart et al., 2009) and the highest expression of
nifH (El-Shehawy, 2003).

The enrichment of Ni in Trichodesmium biomass likely also
follows from biochemical usage. Nickel shows a distinctive spatial
distribution with the highest concentration in the transverse wall
membrane of Trichodesmium trichomes. Such distribution is in
agreement with Ni containing membrane-bound enzymes such as
urease (Collier et al., 1999), NiFe uptake hydrogenase (Tamagnini
etal.,2002), and Ni-superoxide dismutase (Ni-SOD; Dupontetal.,
2008b). SOD provides an important defense tool against the tox-
icity of superoxide by converting superoxide to molecular oxygen
and hydrogen peroxide (McCord and Fridovich, 1969; Fridovich,
1989). Hydrogen peroxide is then further converted to water by
peroxidases such as the previously described VHPOs (Crans et al.,
2004). All aerobic organisms contain at least one isoform of SOD
(containing either Fe, Mn, Cu/Zn, or Ni) with Trichodesmium con-
taining the gene coding for Ni-SOD and Mn-SOD (Dupont et al.,
2008a). Such mechanism is beneficial for Trichodesmium as the
4Fe-4S cluster in the nitrogenase complex is highly susceptible
to the inactivation of superoxide. As H is a side product of N
fixation, all diazotrophic organisms contain NiFe hydrogenases
(Tamagnini et al., 2002). In general these are divided into four
groups, of which cyanobacteria have an uptake hydrogenase clus-
tering together with cytoplasmic H, sensors and a bidirectional
hydrogenase. While the bidirectional hydrogenase enzyme prob-
ably plays a role in fermentation or in electron transfer processes
during photosynthesis, the uptake NiFe hydrogenase rapidly cat-
alyzes H, produced during N fixation (Tamagnini et al., 2007).
Only genes belonging to the uptake hydrogenase have been con-
firmed in Trichodesmium (Tamagnini et al., 2007). In addition
to SOD and NiFe hydrogenases, the genome of Trichodesmium
revealed the presence of a urease subunit alpha, subunit beta, and
subunit gamma (Dupont et al., 2008a). Trichodesmium is able to
grow on urea and as well on nitrate and ammonia (LaRoche and
Breitbarth, 2005; Post et al., 2012), however urea is unlikely to be
a significant source of N to Trichodesmium in the Sargasso Sea
in the late summer (Orcutt et al., 2001). Thus it is unlikely that
urease is driving the elevated Ni quotas of Trichodesmium. Rather,
Ni is likely primarily incorporated into membrane enzymes such
as Ni-SOD and NiFe hydrogenase.

Zinc contents of Trichodesmium may also be explained by
usage in metalloenzymes. It has been suggested that cyanobac-
teria evolved under sulfidic conditions of low Zn availability
that has resulted in lower Zn contents of modern cyanobacteria
(Saito et al., 2003). In contrast, the elevated Zn quotas of Tri-
chodesmium reported here may reflect the P-limiting condition of
the Sargasso Sea and the subsequent expression of the Zn met-
alloenzyme alkaline phosphatase in Trichodesmium, as would be
expected in cells growing on organic P substrates (Orchard et al.,
2010a,b). Similarly, Synechoccocus in the Sargasso Sea increases
its Zn quota substantially in anticyclonic eddies characterized by
reduced phosphate delivery (Twining et al., 2010).

The Redfield ratio, and the proposed extension of this concept
to include bioactive metals, is based on consistency of the average
elemental composition of plankton. Indeed there is remarkable
agreement in the bulk C:N:P ratios of plankton when data are
aggregated (Geider and La Roche, 2002, and references therein),
and compilations of selected bulk particulate metal studies have
produced relative agreement (Bruland et al., 1991; Ho, 2006).
However it has also been demonstrated that there is real and
important spatial and taxonomic variability in the macronutri-
ent and trace metal stoichiometries of plankton which underlie
the average ratios (e.g., Geider and La Roche, 2002; Twining et al.,
2004,2011). Hence, a unified element stoichiometry should always
be treated as a “statistical composition” (Redfield, 1958; Geider and
La Roche, 2002). There is much to be learned about cell physiol-
ogy, ecology and biogeochemistry from comparisons of plankton
representing individual taxa and regions to the average elemental
composition. The natural Trichodesmium populations described
in this paper provide an example of how the physiology of an indi-
vidual group, as well as the environmental conditions, can cause
significant deviations from the averaged, idealized stoichiometric
composition. The extent to which the unique elemental compo-
sition of Trichodesmium will impact nutrient and metal cycling
in the surrounding waters will depend on the fate of the accu-
mulated cell biomass. Future studies which combine elemental
analyses of plankton with “-omics” approaches that constrain the
genetic and biochemical composition of the same communities
and populations will do much to advance our understanding of
biogeochemistry in the ocean.
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The role of phytochelatins (PC,, metal-binding oligopeptides with the general structure
(yGlu-Cys)-Gly (n=2-11) in metal detoxification is assumed to be based on immobilization
of metals, which prevents binding of metals to important biomolecules. Although induc-
tion of phytochelatin synthesis has often been observed in algae upon exposure to metals,
direct evidence for binding of the inducing metal to phytochelatins is scarce. In this study,
a nano-electrospray ionization mass spectrometry (nano-ESI-MS) method is developed for
identification and characterization of Pb(Il)-PC, and Zn(I)-PC,, complexes. Complexes of
Pb(ll) with standard PC, (n=2-4;0.25 mM Pb(ll) and 0.5 mM PC) were examined by nano-
ESI-MS with respect to their stoichiometry. Pb—PC, mass spectra indicated the presence
of the [M 4 H]* peak of PC,, and complexes with various stoichiometries. Analysis of Pb—
PC, allowed the identification of four different complexes observed at m/z 746.10, 952.06,
1285.24, and 1491.20, corresponding to [Pb-PC,]*, [Pby—PCo], [Pb—(PCs),1T, and [Pbo—
(PCs)oI*. Their m/z indicated coordination of Pb(ll) by PCs through the thiol groups of PC
cysteine and possibly carboxylic groups. For each of the standard PC3 and PC4, two differ-
ent complexes were observed, corresponding to Po—PC3, Pby—PC3, Po—PCy4, and Pby—PCy4.
The measured isotopic patterns were for all complexes identical to the theoretical isotopic
patterns. Addition of Zn(ll) (0.125-5 mM) to previously formed Pb—PC, complexes showed
the appearance of the [Zn-PC,]* complexes at m/z 602.05 and the decrease of the [Pb—
PC,]* peak. These findings corroborate the postulated Pb—PC complexes from a previous
study using size exclusion chromatography of PC extracted from algae, as well as the
concurrent formation of Pb—, Zn—, and Cu—PC complexes in algae.

Keywords: phytochelatin, mass spectrometry, nano-ESI-MS, lead, thiol

INTRODUCTION
Phytochelatins (PCs) are known to be induced in response to expo-
sure to various metals in plants (Rauser, 1995; Zenk, 1996) and
algae (Gekeler et al., 1988; Ahner et al., 1995; Le Faucheur et al,,
2005; Scheidegger et al., 2011a). These metal-binding oligopep-
tides with the general structure (y-Glu-Cys),-Gly (n=2-11) are
assumed to bind metals through thiolate coordination and are
involved in metal homeostasis and detoxification. The role of PCs
in metal detoxification likely results from immobilization of met-
als, preventing non-specific binding to important biomolecules,
followed by the transport of the Me—PC complexes into the vac-
uole of the algal cell, or its excretion. In our previous studies,
induction of phytochelatins by exposure of Chlamydomonas rein-
hardtii to Pb(II) has been observed (Scheidegger et al., 2011a).
Binding of Pb(II) to phytochelatins has been postulated based on
separation of metal complexes from C. reinhardtii by size exclusion
chromatography (SEC; Scheidegger et al., 2011b). However, direct
evidence for binding of the inducing metal to phytochelatins is
scarce. It is therefore of interest to attempt to directly characterize
metal-phytochelatin complexes.

Several analytical methods such as chromatographic separation
(gel filtration or HPLC) coupled with UV detection, flame atomic

absorption spectrometry (AAS), radio-active labeling, differential
pulse polarography, and inductively coupled plasma mass spec-
trometry (ICP-MS) have been used to analyze PC,, and metal-
phytochelatin complexes (Me—PC; Grill et al., 1985; Maitani et al.,
1996; Leopold and Giinther, 1997; Leopold et al., 1999; Vacchina
etal., 1999, 2000; Schmoger et al., 2000; Scarano and Morelli, 2002;
Cruzetal.,2005; Kobayashi and Yoshimura, 2006). These methods,
however, do not provide exact molecular weight, stoichiometry, or
composition of Me—PC,, complexes. In most in vivo studies focus-
ing on Me—PC complex characterization, Me—PC complexes were
isolated by gel filtration and the resulting eluate fractions were
further analyzed for PC and metal content. PC detection often
involves acidification and derivatization, which lead to dissocia-
tion of the Me—PC complexes, followed by HPLC analysis. Based
on the detected molecular weight range obtained from gel filtra-
tion and the PC oligomers detected by HPLC, assumptions on
stoichiometry and composition of the Me—PC complexes can be
made; however, unambiguous characterization of Me-PC com-
plexes regarding stoichiometry and composition is not possible
with these methods.

A technique to precisely detect and characterize the Me-PC,,
complexes is thus required. Several studies reported identification
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of Cd-PC, Zn—PC, and As(III)-PC complexes using electrospray
ionization mass spectrometry (ESI-MS; Yen et al., 1999; Raab
et al., 2005; Navaza et al., 2006; Chekmeneva et al., 2007; Chen
et al., 2007; Bluemlein et al., 2008, 2009), but analysis of Me-PC
complexes formed with lead has not been reported.

In our previous study, induction of PC,—PC4 synthesis by
Pb(II) was observed in the green alga C. reinhardtii (Scheideg-
ger et al., 2011a). Furthermore, formation of PC,, complexes with
Cu, Zn, and Pb, and possible stoichiometric compositions of Pb—
PC complexes were postulated based on the molecular weight
obtained from SEC (Scheidegger et al., 2011Db). Therefore, the aim
of the present study is to develop an ESI-MS method to iden-
tify and characterize Me—PC,, complexes formed with Pb and to
examine the competition with Cu and Zn. Sample composition
and ESI-MS conditions to analyze Pb complexes with standard
phytochelatins (n = 2—4) are optimized. The stoichiometry of the
Pb-PC,_4 complexes is derived.

MATERIALS AND METHODS
CHEMICALS
Pb(NO3),, CuSO4, and ZnSO, salts, ammonium acetate

(NH4CH3COO), ammonium carbonate ((NH4),CO3; pH 7),
polylysine, and 3-morpholinopropanesulfonic acid (MOPS) used
in this study were analytical grade and obtained from Sigma-
Aldrich (St. Louis, MO, USA). Phytochelatin standards (PC,,
PCs, and PCy) were obtained from Invitrogen (San Diego, CA,
USA). Formic acid was a suprapure chemical obtained from Merck
(Darmstadt, Germany). Ultrafree-MC centrifugal filters (0.45 wm
cut-off) were ordered from Millipore AG (Zug, Switzerland).

SAMPLE PREPARATION

In preliminary experiments the solvent mixture for the analysis of
Pb-PC complexes was optimized. The following sample composi-
tion resulted in the highest signal intensities in nano-electrospray
ionization mass spectrometry (nano-ESI-MS) analysis. The ratio
of PC,, to Pb was in the range observed in algal cells (Scheidegger
et al., 2011a,b). PC, and Pb were mixed, resulting in final con-
centrations of 0.5 mM PC,, and 0.25mM Pb(NO3), in 100 mM
NH4CH3COO and 50 mM (NHy),CO3. Complex formation was
allowed for 15 min at room temperature. Prior to sample analysis
0.1% formic acid was added (pH 6), followed by sample filtration
using an Ultrafree-MC centrifugal filter device with a 0.45-um
cut-off.

For competition experiments between Cu or Zn and Pb, stan-
dard Pb—PC, complexes were prepared as described and complex
formation was allowed, followed by the addition of the Cu or Zn
solution. Cu and Zn concentrations added to the Pb—PC, com-
plexes were 0.125, 0.25, 0.5, and 5 mM. Acidification was done by
addition of 0.1% formic acid. The ratios of Cu and Zn to Pb in the
competition experiments were in the range Cu (or Zn): Pb =0.5-
20, and would thus simulate a similar or higher concentration of
Cu and Zn than Pb, which may be representative for algal cells.

Mass spectra were acquired and analyzed using the software
Xcalibur V2.0.7 (Thermo Fisher Scientific, San Jose, CA, USA).
The isotopic distributions for the positively charged molecular
ions of Me-PC complexes were generated with the spectrum
simulation software integrated in Xcalibur.

NANO-ELECTROSPRAY IONIZATION MASS SPECTROMETRY ANALYSIS
OF ME-PC COMPLEXES

Solvent mixture optimization for nano-ESI-MS analysis of Pb—
PC,, (n=2-4) were carried out on a API4000 triple quadrupole
mass spectrometer (Applied Biosystems, Rotkreuz, Switzerland)
with attached nanospray source (Sciex, NanoSpray” III Source,
Zug, Switzerland).

Final analysis of Pb—PC,, complexes was carried out on a LTQ
Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San
Jose, CA, USA). Capillaries for nano-ESI were prepared from
coated fused silica tubing (TSP-FS; 0.d. 375 pm; i.d. 100 pm; BGB,
USA) using a needle puller (Model P-2000, Sutter Instruments
Co., Novato, CA, USA). The samples were then analyzed by direct
infusion. Between each measurement the syringe was cleaned with
MeOH and H,O.

Prior to analysis of Pb—PC,, complexes, the instrument per-
formance and calibration was checked with polylysine. The flow
rate for standard Pb—PC,, complex analysis was 1-3 wL/min. The
optimal settings of the mass spectrometer operated in positive
electrospray ionization mode were: needle voltage, 1.5 kV; capillary
temperature, 200°C; capillary voltage, 11V; tube lens, 130V; res-
olution, 30,000; max. injection time, 100,000 ms; automatic gain
control FT, 1 x 10°. The spectra were acquired from m/z 300 to
1,600 for Pb—PC,; and from m/z 300 to 2,000 for Pb—PCs3 and Pb—
PC4. Mass accuracy of the measurement was better than 2 ppm for
lower mass ions (<1,000 Da) of signal intensities >10%.

RESULTS

ANALYSIS OF STANDARD Pb—PC, COMPLEXES

The full-scan mass spectrum of the Pb—PC, complexes (Figure 1)
was dominated by the singly charged [M + H]™ ion of PC; at m/z
540.1427, which matches the elemental composition of protonated
PC, (Ci18H39N5010S,) of 540.1429 with an error <0.2 ppm and
shows the expected isotopic distribution with a mass assignment
<0.5 ppm for signals higher than 10% relative abundance (data
not shown). In addition to the protonated molecular ion peaks at
m/z 536.3 and 538.4 were also present (data not shown), probably
corresponding to oxidized PC,. A singly charged PC; dimer and its
oxidation products could be seen at /2 1079.2783,1077.2632,and
1075.2474. The four peaks observed at m/z 746.1034, 952.0641,
1285.2379, and 1491.1964 correspond to the molecular weight
of singly charged [Pb—PC,]™, [Pb,—PC,]%, [Pb—(PC),]T, and
[Pb,—(PC;),]" complexes (Figure 1). Pb—PC; and Pb,—PC, were
present in sufficient intensity to detect the Pb-specific isotopic
pattern of both complexes. The measured isotopic pattern of [Pb—
PC,]™ in the m/z range 740-752 is shown in Figure 2 (front). The
relative intensity of the peaks at m/z 742.11, 744.10, 745.10, and
746.10 was observed in a ratio, which reflects the distribution of
Pb isotopes (naturally occurring ratio: 2%4Pb 1.5; 20°Pb 23.6; 207 Pb
22.6; 298Pb 52.3%). The measured isotopic pattern matched the
theoretical pattern (Figure 2, back), with a mass error of 0.7 ppm
or better for signals higher than 10%. Similarly, the isotopic pattern
observed for [Pb,—PC;,] " at m/z 944-958, including the isotopic
pattern of two Pb ions, matched the simulated spectra (Figure 3),
with a mass error of 1.1 ppm or less. The signal intensities of the
complexes involving one or two Pb ions and two PC, molecules
[Pb1_—(PC;);) were too low for isotope pattern detection.
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(NH,),CO;,and 0.1% HCOOH (pH 6). X = matrix ions.
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FIGURE 1 | Nano-ESI-MS full-scan spectrum (m/z 300-1,600) of 0.5 mM PC, (C,;H,,N50,,S;) and 0.25 mM Pb(NO;), in 100 mM NH,CH,;COO, 50 mM
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FIGURE 2 | Measured (front) and simulated spectrum (back) of the
isotopic pattern of the [Pb-PC,]* complex m/z 740-752. Isotopic
distribution of Pb is identified in the peak distribution at m/z 742.11 (***Pb,
1.5%), 744.10 (*°Pb, 23.6%), 745.10 (*Pb, 22.6%), and 746.10 (**Pb,
52.3%).

Analysis of Pb—PC3 samples showed the [M + H]* peak for
PCs at m/z 772.1946 matching the corresponding sum formula
(Ca6H43N7014S3; data not shown). Similar to PC,, a peak at
[M + H-2]" (m/z 770.1790), not present in the theoretical spec-
tra, was present at high signal intensity. Two peaks at m/z 978.1559
and 1184.1151 corresponding to the molecular weight of singly
charged [Pb—PC3]™ (mass error 0.3 ppm) and [Pb,—PC3]™ (mass
error 1.2 ppm) were detected. The measured isotopic pattern and
the theoretical spectra were almost identical for both detected
complexes (Figures 4 and 5).

951.0639
sz'PCz -0.3 ppm
100 952.0643
1 950.0626 -0.4 ppm
-0.2 ppm
(]
o
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FIGURE 3 | Measured (front) and simulated spectrum (back) of the
isotopic pattern of the [Pb,—PC,]* complex m/z 944-958. |sotopic
distribution of two Pb (?**Pb 1.5; 2%Pb 23.6; 2’Pb 22.6; *®Pb 52.3%) is
identified in the peak distribution of the m/z 948.06-952.06.

Analysis of the Pb—PC, spectra showed the [M + H]™ peak
for PCy4 at m/z 1004.2406, corresponding to CssHs5N9O;5Ss.
Comparison of the [M + H] ™ peak at 1004.2406 for PC, to the the-
oretical spectra shows an excellent match of the isotopic patterns
except for the presence of the [M + H-2]™ peak (m/z 1002.2238)
as observed for PC; and PC; and the [M + H-4]" peak (m/z
1000.2084). Two peaks corresponding to the molecular weight of
the PC4 complexes, [Pb—PC4]* and [Pb,—PCy4]™, were detected
at m/z 1210.1986 (mass error 7.3 ppm) and 1416.1556 (mass
error 8.8 ppm). The measured and theoretical isotopic patterns
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FIGURE 4 | Measured (front) and simulated spectrum (back) of the
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in the peak distribution at m/z 974.15, 976.15, 977.15, and 978.16.

1183.1146

1:0PPM 1184.1151

Pb,-PC, 1.2 ppm

1182.1134
100: -1.0 ppm

1185.1161
-1.2 ppm

1186.1145
-1.1 ppm

1187.1139
-2.3 ppm

1181.1132
-0.6 ppm

1180.1106
-1.5 ppm

1178 1180 1182 1184
m/z

50

relative abundance

1186 1188 1190

FIGURE 5 | Measured (front) and simulated spectrum (back) of the
isotopic pattern of the [Pb,—PC;]* complex m/z 1,178-1,190. Isotopic
distribution of two Pb (***Pb 1.5; *°Pb 23.6; **’Pb 22.6; **Pb 52.3%) is
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are shown in Figures 6 and 7. In addition, a peak at m/z 605.6035
was observed, matching the isotopic pattern of [Pb—PC4]** (data
not shown).

COMPETITION BETWEEN Cu OR Zn AND Pb FOR PC; BINDING

Addition of Zn to Pb—PC, complexes resulted in the appearance
of the [Zn-PC,]* peak at m/z 602.0544 already at the lowest
Zn concentration (Figure 8A). In addition, the Pb—PC, peak was
observed to decrease with increasing Zn concentration (Figure 8).
Increasing metal concentration leads to a decrease of all PC signals
and to an increase of the ratio between the [M + H] " peak for PC,
at m/z 540.14 and the [M + H-2]" peak at m/z 538.14.The isotopic
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FIGURE 7 | Measured (front) and simulated spectrum (back) of the
isotopic pattern of the [Pb,—PC,]* complex m/z 1,410-1,422. |sotopic
distribution of two Pb (***Pb 1.5; *°Pb 23.6; **’Pb 22.6; **Pb 52.3%) is
identified in the peak distribution of the m/z 1412.15-1416.16.

pattern of [Zn—PC;]™ matched with the theoretical distribution
of Zn (naturally occurring ratio: 6471 48.6; °Zn 27.9; ©7Zn 4.1;
6871 18.8;79Zn 0.6%; Figure 9).

At the highest Zn concentration (5 mM) and at all Cu concen-
trations no Zn—PC or Cu—PC complexes were detected (data not
shown).

DISCUSSION

To test the applicability of nano-ESI-MS for the analysis of Me—
PC complexes, complexes of Pb with standard PC,, (n = 2-4) were
analyzed. A method for nano-ESI-MS was developed to character-
ize in vitro formed Me—PC complexes which might also be used
for characterization of in vivo Me-PC,; complexes.
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Considering that the mass spectra of the Pb—PC,, complexes
were dominated by the [M + H] ' peak of the corresponding PC,,
indicates that either not all PC was involved in complex formation,
dissociation of Pb—PC complexes occurs during sample analysis,
or that the complexes formed were neutral and therefore not vis-
ible in the nano-ESI-MS spectra. Furthermore, the relatively low
pH 6, needed for optimal ionization, may lead to some complex
dissociation.

The PC,, seem to occur mainly in charge state 1+ with the con-
ditions used, as no signal was detected that corresponds to the dou-
bly charged ion. The isotopic pattern of analyzed PC, was com-
pletely resolved. For all PC,, the isotopic distribution matched the
theoretical spectra of the corresponding elemental composition
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FIGURE 9 | Measured (front) and simulated spectrum (back) isotopic
pattern at m/z 602-614. |sotopic pattern of Zn (%*Zn 48.6; *°Zn 279; Zn
4.1;%7Zn 18.8; 7°Zn 0.6%) and PC, is shown at m/z 602.05-609.05.

and mass accuracy was high (<2 ppm for ions <1,000 Da and
with relative intensities higher than 10%). The [M + H-2]* peaks
observed for PC,—PC, as well as the [M + H-4] " peak observed for
PCy4, indicate the formation of one or two intramolecular disulfide
bonds between cysteine thiol groups within the PC. The formation
of a disulfide bond results in a loss of two hydrogens and therefore
a shift from [M + H]T to [M + H-2]T, which was also observed
in other studies (Yen et al., 1999; Navaza et al., 2006).

Analysis of Pb—PC complexes revealed the in vitro formation
of Pb—PC,, complexes with various stoichiometries and composi-
tions. The m/z detected for the [Pb—PC;]™ complex allows two
different covalent complexes, assuming Pb coordination through
thiol groups of PC cysteine. Either Pb is coordinated by one thiol
group whereas the other is present as reduced thiol group, or the
Pb ion is coordinated by both thiol groups present in PC,. In the
second case, additional protonation of the complex must occur
to result in a singly charged complex detectable by nano-ESI-MS.
For the [Pb,—PC;]" complex the detected #/z corresponds to
[PCy+ 2Pb-3]%, indicating a loss of three H. This observation
suggests that in addition to the two protons from the SH-groups,
one proton is lost from a carboxylic group. Further studies would
be required to examine whether the complex formation between
one Pb and PC; involves only thiol groups or Pb is coordinated
by one thiol and one carboxylic group. Similarly, another study
observed the loss of 2H' and 4H™ for the binding of two Cd ions
to standard PCs. Binding of a third Cd ion to PC5 was not accom-
panied by the loss of H. The authors suggested the formation of
complexes that involve two thiol coordinated cadmium ions and a
Cd ion which is bound electrostatically to the Cd,—PC5 complex
(Yen et al., 1999). To investigate whether the coordination of met-
als by PC is dependent on the metal and/or the chain length of PC
needs to be further investigated.

From mass considerations four Pb—PC,, two Pb—PCs, and two
Pb—PC, complexes were identified. To prove that both Pb and
PC,, are contributing to the detected signals, the measured iso-
topic pattern was compared to the theoretical isotopic pattern.
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The isotopic patterns of the Pb—PC complexes are complex owing
to the isotopic pattern of one or more Pb ions coupled to the
PCs (naturally occurring ratio: 2%4Pb 1.5; 2%Pb 23.6; 297Pb 22.6;
208ph 52.3%). This very pronounced lead signature is indicative
for the presence of Pb in the [Pb—PC;]™ complex at 1/z 740-752.
The isotopic pattern of [Pb,—PC,]* is even more complex, since
two Pb ions are present in the complex, but comparison of mea-
sured and theoretical isotopic pattern proves the presence of the
two Pb ions (Figure 3). Formation of [Pb-PC,] and [Pb,-PC;]
complexes was also observed using differential pulse polarogra-
phy (Alberich et al., 2007). Similar observations were made for
Pb-PC; and Pb—PC,4 complexes, showing a good match between
measured and theoretical patterns and a loss of 2H™ for each addi-
tionally bound Pb ion. Surprisingly no complexes including three
and four Pb ions were observed for PC; and PCy. These results
are also in agreement with the complexes observed using voltam-
metric methods (Alberich et al., 2008). In addition, accurate mass
measurements confirmed the proposed elemental compositions.

The appearance of the [Zn—PC,]™ peak in the presence of Zn
is indicative of complex formation between PC and Zn, which
was confirmed by the isotopic pattern for Zn clearly visible in
the zoom spectrum (Figure 9). This competition between Pb
and Zn may be expected if their complex stability with PC, is
similar to the stability of their complexes with glutathione, for
which somewhat higher stability constants for Pb than for Zn are
reported (Martell and Smith, 1989). Binding of Zn by PCs has
been shown in a voltammetric study with multivariate curve res-
olution, and by PCy4 using voltammetry and ESI-MS (Cruz et al,,
2005; Chekmeneva et al., 2007). The expected increase of the [Zn—
PC,]" peak with increasing Zn concentration was not observed,
maybe due to an increase of oxidized PC,, indicated by the increase
of the ratio between m/z 538.14 and 540.14, leading to a loss of
potential metal-binding sites. This could also explain the signal loss
observed with increasing Zn concentration. In presence of Cu(II),
phytochelatin oxidation may also explain why no Cu-PC com-
plexes were detected. Similar observations were done in a study
with Cd where a signal loss was observed at concentrations higher
than 0.3 mM Cd (Yen et al., 1999).

In a previous study using SEC, the presence of PC complexes
with Cu, Zn, and Pb was postulated upon analysis of PC from
C. reinhardtii exposed to Pb (Scheidegger et al., 2011b). After

extraction of the algal cells under native conditions to preserve
the metal complexes, PC, and PC3; complexes were detected in a
molecular weight range between 700 and 5,300 Da. PC, was mainly
observed between 1,000 and 1,600 Da and complexes with Me;_,—
(PCy), were suggested, with [Pb—(PC;);]™ and [Pby,—(PC;),]™"
as the probable most abundant Pb species. The results obtained
here are in qualitative agreement with this study, as the formation
of [Pb—PC2]+, [sz—PC2]+, [Pb—(PC2)2]+, and [sz—(PC2)2]+
is shown. [Pb—PC,]™ and [Pb,—PC,]* would appear in the SEC
fraction 700-1,050 Da, where PC, and Pb were also detected. The
abundance distribution of these complexes obtained by ESI-MS
appears to differ somewhat from the SEC results, but it must be
taken into account that the ratio of PC-SH to Pb, as well as the pH
were different in these two studies. Furthermore, it must be con-
sidered that nano-ESI-MS, albeit a soft ionization technique, may
result in dissociation of complexes. The formation of the [Zn—
PC,]" complex after Zn addition also corroborates the results
from SEC, which showed the presence of Zn and Cu, as well as Pb,
in the PC containing fractions. These results also clearly indicate a
possible competition of Zn and Pb for binding to phytochelatins.
These findings support the hypothesis that upon induction of PC,,
by Pb in algae, the PC,, may also be bound to other metals.

The application of nano-ESI-MS to examine Me-PC com-
plexes in algae is challenged by practical issues related to the
low intracellular concentration of the Me—PC complexes. There-
fore, further research is needed to improve the sensitivity for
Me-PC complexes by nano-ESI-MS, or respectively to improve
sample preparation to obtain a sufficient amount of PC,, from
the algae. For example, considering the measured concentration
of 30attomol/cell PC; in C. reinhardtii cells (Scheidegger et al.,
2011a), about 1L of algal suspension (with a cell density of
8.4 x 10° cell/mL) should be preconcentrated into a small vol-
ume (<1mL) to obtain a sufficiently high PC, concentration for
ESI-MS measurements. In addition, differences between in vivo
and in vitro formed Me—PC complexes should be further exam-
ined to investigate which factors are determining the distribution
among the various complexes.
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INTRODUCTION

The extent to which geochemical variation shapes the distribution of phototrophic metab-
olisms was modeled based on 439 observations in geothermal springs in Yellowstone
National Park (YNP), Wyoming. Generalized additive models (GAMSs) were developed to
predict the distribution of phototrophic metabolism as a function of spring temperature,
pH, and total sulfide. GAMs comprised of temperature explained 38.8% of the variation
in the distribution of phototrophic metabolism, whereas GAMs comprised of sulfide and
pH explained 19.6 and 11.2% of the variation, respectively. These results suggest that of
the measured variables, temperature is the primary constraint on the distribution of pho-
totrophs in YNP. GAMs comprised of multiple variables explained a larger percentage of
the variation in the distribution of phototrophic metabolism, indicating additive interactions
among variables. A GAM that combined temperature and sulfide explained the greatest
variation in the dataset (563.4%) while minimizing the introduction of degrees of freedom. In
an effort to verify the extent to which phototroph distribution reflects constraints on activity,
we examined the influence of sulfide and temperature on dissolved inorganic carbon (DIC)
uptake rates under both light and dark conditions. Light-driven DIC uptake decreased sys-
tematically with increasing concentrations of sulfide in acidic, algal-dominated systems,
but was unaffected in alkaline, cyanobacterial-dominated systems. In both alkaline and
acidic systems, light-driven DIC uptake was suppressed in cultures incubated at temper-
atures 10°C greater than their in situ temperature. Collectively, these quantitative results
indicate that apart from light availability, the habitat range of phototrophs in YNP springs is
defined largely by constraints imposed firstly by temperature and secondly by sulfide on
the activity of these populations that inhabit the edges of the habitat range. These findings
are consistent with the predictions from GAMSs and provide a quantitative framework from
which to translate distributional patterns into fitness landscapes for use in interpreting the
environmental constraints that have shaped the evolution of this process through Earth
history.

Keywords: photosynthesis, sulfide, temperature, fitness landscape, CO, uptake and fixation, habitat range,
landscape ecology, distribution

historical constraints on the evolution of a particular metabolic

The distribution of organisms and the functions that they cat-
alyze on Earth today is rooted, at least in part, to the numerous
adaptations that enable life to radiate into new ecological niches
that have played out over evolutionary time. Such responses are
recorded in extant organismal distribution patterns (e.g., habi-
tat range), as well as in the genetic record of organisms. This
is a consequence of the predisposition for microorganisms to
acquire their ecological traits through vertical inheritance, a phe-
nomenon that manifests in a positive relationship between the
ecological relatedness of organisms and their evolutionary related-
ness (niche conservatism; Wiens, 2004; Wiens and Graham, 2005).
Thus, extant patterns in the distribution of species or metabolic
function offer “a window into the past” and can be used to infer

function as imposed by the environment (Wiens and Graham,
2005; Westoby, 2006; Boyd et al., 2010; Hamilton et al., 2011a,b).
Such observations can in turn be used to predict the response
of populations or metabolic guilds to changing environmental
conditions (Keddy, 1992; Lavorel and Garnier, 2002; Guisan and
Thuiller, 2005).

The extreme variation in the geochemical composition of
present day environments is likely to encompass those that were
present on early Earth (Shock and Holland, 2007), when key meta-
bolic processes such as photosynthesis are thought to have evolved.
Yellowstone National Park (YNP), Wyoming harbors >12,000
geothermal features that vary widely in temperature and geochem-
ical composition, both spatially and temporally (Nordstrom et al.,
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2005; Shocketal.,2010). Such environments provide a field labora-
tory for examining the tendency for guilds of organisms to inhabit
particular ecological niches and to define the range of geochemical
conditions tolerated by that functional guild (i.e., habitat range or
zone of habitability; Hoehler, 2007; Shock and Holland, 2007). We
assume that since it is unlikely that a metabolic process emerged
under environmental conditions that no longer support that func-
tion, such information can help quantify the habitat range for a
metabolic process, and can provide insight into the characteristics
of an environment that enabled the adaptation of that process into
new habitats.

Phototrophy is the utilization of solar energy by plants, algae,
and certain bacteria to generate energy for the synthesis of complex
organic molecules (Blankenship, 1992; Chew and Bryant, 2007). A
number of recent studies have documented non-random pattern
in the distribution of phototrophic assemblages along geochem-
ical gradients in YNP, Wyoming (Boyd et al., 2010; Cox et al,,
2011; Hamilton et al., 2011b). These studies qualitatively iden-
tified three ecological axes (temperature, pH, and total sulfide)
that appear to constrain the habitat range of phototrophs in
the geothermal features of YNP. However, the extent to which
each environmental parameter, or combinations therein, shape
the distribution of phototrophic metabolism in YNP is unclear.
Moreover, it is unclear if the qualitative trends in the distribu-
tion of phototrophic metabolism in YNP noted previously are
the result of the negative effects that temperature, pH, and sul-
fide have on the activity of phototrophic populations, which
in turn would be expected to decrease fitness and limit their
distribution.

Here, in an effort to better define the basis for the observed
habitat range of phototrophs in YNP, we compiled environmental
metadata and presence/absence distributional data from several-
independent examinations of phototrophic metabolisms across
the YNP geothermal complex (Boyd et al., 2010; Cox et al,
2011; Hamilton et al., 2011b). This binary dataset comprising
439-independent observations was used to construct generalized
additive models (GAMs) for use in quantifying and ranking the
role of temperature, pH, and total sulfide in shaping the habi-
tat range of phototrophs. Using this approach, it was determined
that temperature was the primary predictor of the distribution of
phototrophs in YNP springs, followed by dissolved sulfide con-
centration and pH. We evaluated these predictions using short
incubation (<1 h) microcosm studies in several select geothermal
springs. Collectively, the GAMs and microcosm studies support a
model whereby a temperature of 73°C sets the upper temperature
limit for phototrophic metabolism in circum neutral to alkaline
springs due to constraints imposed by these parameters on the fit-
ness of the constituent populations. The upper temperature limit
for the distribution of phototrophic metabolism decreases with
decreasing pH due to the sulfide-dependent suppression of pho-
totrophicactivity in algae, the predominant phototrophs in springs
with pH <5.0. These results establish the ecological constraints on
the activity and presumably the fitness of phototrophs at the edge
of their habitat range in YNP and provide insight into the envi-
ronmental parameters that have shaped the evolution of this key
metabolic process over evolutionary time.

MATERIALS AND METHODS

PREDICTIVE MODELING

The binary distribution (presence/absence) of genes involved in
chlorophyll biosynthesis and/or phototrophic pigments in a num-
ber of geothermal springs sampled from across YNP (Figure 1)
and the associated total sulfide, pH, and temperature of the spring
water was extracted from three previous studies (Boyd et al., 2010;
Cox et al., 2011; Hamilton et al., 2011b). The dataset extracted
from Cox et al. (2011) was based on the visual distribution of
pigments in geothermal springs, whereas the datasets extracted
from Boyd et al. (2010) and Hamilton et al. (2011b) was based on
the presence/absence of the protochlorophyllide reductase sub-
unit L gene (chIL/bchL) required to synthesize chlorophyll in both
anoxygenic and oxygenic phototrophs (Chew and Bryant, 2007)
in biomass sampled from geothermal springs in YNP. While the
data extracted from each of the aforementioned studies were from
observations made in different springs from different regions dur-
ing different years, plots of the overall phototroph distribution
trends with respect to pH, temperature, and sulfide as presented in
all three manuscripts (Boyd et al., 2010; Cox et al., 2011; Hamilton
etal.,, 2011b) and in Figures 2A,B revealed the same trends, with
an upper temperature limit for photosynthesis of ~73°C and a
pH-dependent suppression of the upper temperature limit below
pH ~6. Moreover, the distribution of phototrophic metabolism
was constrained to environments with sulfide at a concentration
of <5 uM (Coxetal.,,2011; Hamilton et al., 2011b). Together, these
observations indicate that both methods, as described above, were
suitable for mapping the habitat range of phototrophic metabo-
lism along ecological gradients in YNP. By combining the datasets,
we were able to sample a much greater portion of the YNP geot-
hermal complex that comprised more than 439 observations, than
any one dataset provided alone.

Binomial GAMs describing the distribution of phototrophic
pigments and genes involved in their synthesis as proxies for pho-
totrophs were generated using the mgcv package (Wood, 2011)
within the base package R (ver. 2.10.1), using default settings.
GAMs are flexible models for fitting smooth curves to data, while
maintaining parsimony. In essence, GAMs function to blend the
properties of generalized linear models with the features of addi-
tive models. These approaches are commonly utilized in describing
the distribution of plant species as a function of ecological parame-
ters (Yee and Mitchell, 1991; Guisan et al., 2002). Here, a dependent
variable (e.g., distribution of phototrophs) is plotted as a function
of an independent variable(s) (e.g., temperature, pH, and sulfide)
followed by the calculation of a smooth curve that goes through
the data. The GAM approach is considered to be superior to linear-
based regression methods (e.g., Pearson correlation analysis) since
it does not require the problematic steps of a priori estimation of
response curve shape or a specific parametric response function
(Hastie and Tibshirini, 1986; Wood, 2004, 2011), but rather allows
the data to determine the shape of the response curve in order to
maximize the expected log likelihood, or fit of the model to the
data. In the present study, GAMs were generated to describe the
dependence of the distribution of phototrophic metabolism on
environment, specifically spring temperature, pH, and dissolved
sulfide concentration. We evaluated the fit of each GAM to the
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data using a number of approaches including the Akaike Infor-
mation Criterion (AIC), a maximum likelihood-based approach.

Boundary

g\ Approximate
Boundary of
0.64 Ma Caldera

Border

FIGURE 1 | Map of Yellowstone National Park showing hydrothermal
areas sampled and locations of physiological sites. Hydrothermal areas
are numbered alphabetically: 1, Calcite Springs; 2, Crater Hills; 3, Obsidian
Pool Area; 4, Heart Lake; 5, Imperial Geyser Basin; 6, Lone Star; 7, Rabbit
Creek; 8, Sentinel Meadows; 9, South of Sylvan Springs; 10, Sylvan
Springs; 11, Washburn; 12, White Creek. Physiological samples,
represented with open circles, in order from Northwest to Southeast are
Bijah Spring, Nymph Creek, Dragon Spring, and Perpetual Spouter.

We considered the model with the lowest AIC value to be the
best and evaluated the relative plausibility of each other model by
examining differences between the AIC value for the best model
and values for every other model (AAIC; Johnson and Omland,
2004). The degrees of freedom (Df) for each model was used as a
proxy to estimate the complexity of the model, with more com-
plex models comprised of more Df. Models that achieve minimal
AIC and residual deviance on the fewest Df (introduction of few
smooth parameters during data fitting) are more likely to repli-
cate in subsequent validation studies, when compared to those
with greater Df (introduction of the additional smooth parame-
ters during data fitting). Thus models with low AIC and low Df
are lower complexity and are more parsimonious with the data.

GEOCHEMICAL ANALYSES

pH and temperature were measured with a WIW 330i meter and
probe (WTW Inc., College Station, TX, USA) or a model 59002-00
Cole-Parmer temperature-compensated pH meter (Vernon Hills,
IL, USA). Conductivity was measured with a model YSI30 or YSI
EcoSense EC300 conductivity meter (YSI, Yellow Springs, OH,
USA). Total dissolved sulfide was determined using the methyl-
ene blue method and a Hach DR/2000 spectrophotometer (Hach
Company, Loveland, CO, USA). Aliquots used for analysis of dis-
solved inorganic carbon (DIC) were collected in 40 mL amber
borosilicate vials with black butyl septa. All sample vials were
filled to minimize head space and sealed to minimize degassing
and atmospheric contamination. DIC concentrations were mea-
sured with an OI Analytical Model 1010 Wet Oxidation TOC
Analyzer. DIC determinations for Perpetual Spouter and Dragon
Spring, both of which were performed in August of 2011, were
determined using an ON-LINE TOC-VCSHTOC/TIC and TN
analyzer (Shimadzu Scientific Instruments, Columbia, MD, USA).
Biofilms/sediments were dried in an oven for 3 days at ~90°C, and
ground with an agate mortar and pestle until uniformly powdered.
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FIGURE 2 | Presence (4, for samples assessed via visual
inspection for pigments; @, for samples assessed via genetic
technique; see Materials and Methods for further description)
and absence ([J) of phototrophic pigments and/or genes
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involved in their synthesis in 439 geothermal springs in YNP
plotted as a function of spring temperature and pH (A) or spring
temperature and total sulfide concentration (B). Total sulfide
concentration is plotted on a log plot.
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Samples were weighed and placed into tin cups, sealed, and ana-
lyzed via Costech Model ECS 4010 Elemental Analyzer (Costech
Analytical Technologies Inc., Valencia, CA, USA) attached to a
Thermo DeltaP' Advantage Isotope Ratio Mass Spectrometer
(EA-IR-MS; Thermo Fisher Scientific Inc., Waltham, MA, USA).
Data were standardized using the organic standards described
above, and linearity was checked using NIST SRM 2710 (Montana
Soil).

INORGANIC CARBON UPTAKE IN CHEMOTROPHIC AND
PHOTOTROPHIC COMMUNITIES

Total DIC uptake was assessed using slight modifications to
methods described previously (Boyd et al., 2009b). Briefly,
chemotrophic and phototrophic mats were collected from points
that were approximately 1 cm up gradient (chemotrophic mat)
and 1cm down gradient (chlorophototrophic mat) from the
photosynthetic fringe at Bijah Spring (Norris-Mammoth Corri-
dor; Easting: 521287, Northing: 4956460), Nymph Creek (Norris
Geyser Basin; Easting: 521690, Northing: 4955601), and Dragon
Spring (Norris Geyser Basin; Easting: 522889, Northing: 4953218;
Figure 1) during March of 2010 (Table 1). The sampling loca-
tions in each spring were perpendicular to the photosynthetic
fringe. Samples were collected aseptically using a syringe and were
placed in a 15 mL sterile polypropylene tube, with the exception
of the chemotrophic community at Bijah Spring (see below). The
tube and the contents were shaken vigorously to uniformly resus-
pend the contents and create a slurry. From this slurry, 500 uL
aliquots of re-suspended solids were injected into pre-sterilized
and anaerobic (N, headspace) 20 mL serum bottles sealed with
a butyl stopper. Alternatively, in the case of chemotrophic com-
munities from Bijah Spring, ~500 mg of sediment was placed in
20 mL serum bottles using a sterile scoop. Bottles containing Bijah
Spring chemotrophic sediments were then capped, sealed, and
purged with N, gas. In all experiments, 10 mL of spring water
sampled directly at the photosynthetic fringe was injected into
each vial such that the spring water and gas composition was the
same. Killed controls were prepared by addition of glutaraldehyde
to a final concentration of 2.0%, v/v. To assess the potential for
dark DIC uptake, vials were wrapped completely in aluminum

foil. All assays (biological and killed controls, light and dark incu-
bations) were performed in triplicate. The reaction was initiated
by addition of NaH;4CO3; (MP Biomedicals, 422 MBq/mmol) to a
final concentration of 2.13 x 10® Bg/L. Serum bottles were placed
in a clear polypropylene bag (secondary containment) and were
incubated in the spring at the photosynthetic fringe for approx-
imately 60 min. Following incubation, vials were placed directly
on dry ice to stop the reaction. The vials remained frozen until
further processed at the lab. Vials were thawed and acidified
to pH <2.0 using concentrated HCl. Serum bottles and their
contents were degassed with N;(~5min.) and the biomass was
filtered onto 0.2 wm pore size, 25 mm diameter white Nucleo-
pore polycarbonate membranes (Whatman Inc., Florham Park,
NJ, USA). Filtered biomass was washed with ~10mL of ster-
ile denionized water, placed in scintillation vials, and dried at
80°C overnight. In the case of samples from Bijah Spring, the
vials containing sediment were then weighed and subtracted
from empty vials such that all measurements could be normal-
ized to grams of organic nitrogen present in the inoculum. The
total solid content in each slurry used to inoculate the reac-
tions (with the exception of Bijah chemotrophic communities)
was determined by drying triplicate 1 mL aliquots at 80°C for
48 h.

Dried biomass and filters were overlain with 10 mL Cytoscint
and were subjected to liquid scintillation counting as previously
described (Boyd et al., 2009b). Total uptake was determined using
previously described methods (Lizotte et al., 1996) using DIC
numbers determined for each spring. For the purpose of com-
paring total DIC uptake between chemotrophic and phototrophic
communities, rates of uptake were first normalized to dry weight
of biomass per reaction and then to grams of organic nitrogen. All
reported values reflect the difference in uptake between biological
controls and glutaraldehyde-killed controls.

INFLUENCE OF SULFIDE AND TEMPERATURE ON DIC UPTAKE IN
PHOTOTROPHIC COMMUNITIES

The influence of sulfide on DIC uptake in phototrophic com-
munities was determined using the same approach as described
above. Experiments were performed at Nymph Creek (May 2010),

Table 1 | Physical and chemical measurements made at sampling sites.

Source Sampling date Biofilm type?  Temperature (°C) pH DIC (ppm C) DOC (ppm C)  wt% CP wt% NP
Dragon Spring 3/13/2010 Chemo 58.0 3.13 5.9 0.91 1.08 0.13
3/13/2010 Photo 46.5 2.95 0.6 0.90 0.95 0.44
Nymph Creek 3/14/2010 Chemo 56.8 2.99 10.5 0.60 1.71 2.85
3/14/2010 Photo 53.0 3.00 26.4 0.53 11.45 2.01
Bijah Spring 3/14/2010 Chemo 72.5 752 57.8 0.78 0.19 0.02
3/14/2010 Photo 68.8 765 60.2 0.68 0.70 0.09
Perpetual Spouter 8/18/2011 Photo 68.6 712 4.4 NA 291 0.46
Dragon Spring 8/18/2011 Photo 46.2 2.60 14.4 NA 767 1.36

DIC, dissolved inorganic carbon; ppm C, parts per million carbon; DOC, dissolved organic carbon; wt% C, weight percent organic carbon; wt% N, weight percent

organic N; NA, not available.

aThe type of biofilm as classified as either chemotrophic (Chemo) or phototrophic (Photo).

*Weight percent organic carbon and organic nitrogen of bulk biofilms.
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Dragon Spring (August 2011), and Perpetual Spouter (August
2011; Table 1). Perpetual Spouter (Norris Geyser Basin; East-
ing: 523034, Northing: 4952620) was chosen to replace Bijah
Spring, due to difficulties in accessing the latter during peri-
ods of heavy visitor traffic. Prior to the initiation of the reac-
tion with NaH;4CO3, microcosms were amended with varying
concentrations of an anaerobic and sterile sodium sulfide solu-
tion. Na,S was added to microcosms from Nymph Creek at a
concentration of 5 and 20 uM, whereas Na;S amendments of
only 5puM were made in microcosms from Perpetual Spouter
and Dragon Spring. The concentration of sulfide to amend each
microcosm with was determined empirically, such that the final
concentration was ~5pM greater than that present naturally
at the photosynthetic fringe. Light-independent and killed con-
trols were prepared as described above. All assays (biological
and killed controls, light and dark incubations) were performed
in triplicate. Reactions were initiated by addition of NaH;4CO3
(MP Biomedicals, 422 MBq/mmol) to a final concentration of
1.66 x 107 Bq/L, Serum bottles were incubated and processed
as described above. The influence of elevated temperature on
DIC uptake was examined in phototrophic communities sam-
pled from Perpetual Spouter and Dragon Spring in August of
2011. Microcosms were set up as described above using bio-
mass and spring water sampled from phototrophic mats near
the fringe of each respective spring. Light-independent and killed
controls were prepared as described above. All assays (biological
and killed controls, light and dark incubations) were performed
in triplicate. Reactions were initiated by addition of NaH;4CO3
(MP Biomedicals, 422 MBq/mmol) to a final concentration of
1.66 x 107 Bq/L. Serum bottles were incubated and processed as
described above.

RESULTS

The presence or absence of phototrophic pigments and/or genes
involved in their synthesis were used as proxies for examining
the distribution of this metabolism along gradients in temper-
ature, pH, and total sulfide in 439 samples (Figure 2) from a
variety of geothermal springs throughout YNP (Figure 1) using
GAM approaches. GAMs identified spring temperature as the
top individual variable for predicting the distribution of pho-
totrophic metabolisms (AAIC = 92.4, Df = 6.2), followed by total
sulfide concentration (AAIC=192.1, Df=3.9) and spring pH
(AAIC =244.2, Df = 8.6; Table 2). GAMs that comprised tem-
perature explained 38.8% of the variance in the distribution of
phototrophic metabolisms, whereas GAMs that comprised total
sulfide or pH explained 19.6 and 11.2% of the variance in the
dataset, respectively. GAMs that incorporated more than one envi-
ronmental variable generally fit the data better and explained a
greater amount of the variance than GAMs comprised of indi-
vidual environmental variables, indicating additive interactions
among variables. Importantly, the variation in temperature, pH,
and sulfide in YNP springs were not correlated (Pearson R? < 0.06
for all pairwise regressions), indicating that these variables behave
independently in the YNP springs analyzed in this study. A GAM
that comprised spring temperature, pH, and total sulfide was the
top ranking model (AAIC=0.0) and explained 66.6% of the
variance in the dataset, the most of any GAM, although this

Table 2 | Statistics for GAMs whereby a binary dataset of the
distribution of phototrophy in 439 springs in YNP served as the
response variable.

GAM AAIC Df adj R?
Temp + pH + sulfide 0.0 14.7 0.666
Temp + sulfide 39.3 8.2 0.534
Temp + pH 51.3 111 0.529
Temp 92.4 6.2 0.388
pH + sulfide 151.6 9.7 0.289
Sulfide 192.1 3.9 0.196
pH 244.2 8.6 0.112

GAM, generalized additive model; Df, degrees of freedom, adj R?, sample size
adjusted R? or the fraction percent of variance explained.

model required the introduction of 14.7 Df. GAMs that com-
prised temperature and sulfide (AAIC=39.3) and temperature
and pH (AAIC =51.3) explained lower fractions of the variance
in the dataset (53.4 and 52.9%, respectively), but required the
introduction of fewer Df (8.2 and 11.1, respectively). Collectively,
the GAM that comprised temperature and sulfide explained the
greatest amount of the variation in the dataset while minimizing
the introduction of Df.

Prior to examining the influence of physical and chemical con-
straints on the activity of phototrophs in YNP, it was necessary to
determine if the photosynthetic fringe (Figure 3) was the result
of competition between phototrophs and chemotrophs for this
niche, as this was previously suggested (Boyd et al., 2009b). Com-
petition experiments were performed at the photosynthetic fringe
in Nymph Creek (pH 2.99, 52.7°C), Dragon Spring (pH 2.95,
46.5°C), and Bijah Spring (pH 7.40, 70.0°C) in March of 2010.
The phototrophic assemblages near the photosynthetic fringe at
both Nymph Creek and Dragon Spring are both comprised of
algae related to Cyanidioschyzon sp. (Ferris et al., 2005; Lehr et al.,
2007; Boyd et al., 2009a), whereas the phototrophic assemblages
near the photosynthetic fringe at Bijah Spring are dominated by
Synechococcus sp. and Roseiflexus sp. (King et al., 2006). Popula-
tions comprising the chemosynthetic assemblages near the fringe
in both Nymph Creek and Dragon Spring are thought to be com-
prised primarily of organisms affiliated with Hydrogenobacter sp.,
Desulfurella sp.,and Acidimicrobium sp. (Jackson et al.,2001; Ferris
et al., 2003), whereas populations associated with chemotrophic
assemblages in Bijah Spring are most closely related to Thermotoga
sp. (King et al., 2006).

When incubated in the light, DIC uptake rates in chemotrophic
assemblages sampled ~1cm from the photosynthetic fringe at
Nymph Creek, Dragon Spring, and Bijah Spring (Figure 3) were
not significantly different (P = 0.32, 0.62, 0.47, respectively), from
rates when incubated in the dark (Figure 4), which indicates that
the mats were unlikely to be using light to drive DIC uptake. In con-
trast, rates of DIC uptake in photosynthetic assemblages sampled
~1 cm from the photosynthetic fringe at Nymph Creek, Dragon
Spring, and Bijah Spring were significantly different (P =0.01,
0.04, 0.01, respectively), when incubated in the light versus when
incubated in the dark, indicating that these assemblages were using
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FIGURE 3 | The photosynthetic fringe, or the transition from
chemosynthetic to photosynthetic metabolism, as denoted by arrows,
for Bijah Spring in March 2010 (A), Dragon Spring in March 2010 (B),
Nymph Creek in March 2010 (C), and Perpetual Spouter in August of
2011 (D).

light to drive a portion of DIC uptake. Rates of DIC uptake in
phototrophic assemblages sampled ~1cm from the photosyn-
thetic fringe at Nymph Creek, Dragon Spring, and Bijah Spring,
when incubated in the light, were significantly greater (P < 0.05
for all comparisons) than rates of DIC uptake in chemosynthetic
mats from those springs, regardless of whether the chemosyn-
thetic mats were incubated in the light or the dark. Importantly,
rates of DIC uptake in chemotrophic and phototrophic assem-
blages sampled ~1 cm on either side of the photosynthetic fringe
at Nymph Creek, Dragon Spring, and Bijah Spring, when incu-
bated in the dark, were not significantly different (P =0.15, 0.93,
0.08, respectively), suggesting that normalizing overall rates of
uptake to organic N is unlikely to be responsible for the differ-
ences in the rates observed in chemotrophic and phototrophic
assemblages. Collectively, these results suggest that competition
for DIC between phototrophs and chemotrophs is unlikely to
be the basis of the photosynthetic fringe observed in acidic (e.g.,
Nymph Creek and Dragon Spring) and alkaline (e.g., Bijah Spring)
ecosystems.

The influence of sulfide on DIC uptake by phototrophic
assemblages sampled near the photosynthetic fringe at Nymph
Creek (fringe pH = 2.89, Temp. = 52.1°C, total sulfide < 150 nM),
Dragon Spring (fringe pH=2.60, Temp.=46.2°C, total sul-
fidle=~1uM), and Perpetual Spouter (fringe pH=7.12,
Temp. =68.6°C, total sulfide <150nM) was examined in both
light and dark incubations in March of 2010 (Nymph Creek) and
August of 2011 (Dragon Spring and Perpetual Spouter; Figure 3).
An amount of sodium sulfide was added to microcosms in order
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FIGURE 4 | Rate of DIC uptake for chemotrophic and phototrophic
assemblages sampled from adjacent sides of the photosynthetic
fringe in Nymph Creek (fringe pH =2.99, Temp. =52.7°C), Bijah Spring
(fringe pH =7.40, Temp. =70.0°C), and Dragon Spring (fringe pH =2.95,
Temp. =46.5°C). Microcosms were incubated both in the light and the dark
and rates reflect the difference between triplicate killed controls and
triplicate biological controls, for each treatment. For comparative purposes,
DIC uptake rates were normalized to grams organic nitrogen present in the
chemotrophic or phototrophic biomass used as inoculum (Table 1). All
spring water used in the microcosms was sampled from the photosynthetic
fringe and all microcosms were incubated in situ at the photosynthetic
fringe temperature. Rates of DIC uptake for the phototrophic assemblages
sampled from Dragon Spring are indicated as insets on the histogram.

to generate a final concentration that was ~5 WM greater than that
present in spring water flowing over the photosynthetic fringe in
each spring. When compared to unamended controls, the addi-
tion of sulfide to a final concentration of 5w M in microcosms
containing photosynthetic mat sampled from near the photosyn-
thetic fringe at Nymph Creek resulted in a significant (P = 0.04)
decrease (~56% of unamended control rate) in the rate of DIC
uptake (Figure 5A). The addition of sulfide to a final concentration
of 20 wM in microcosms containing photosynthetic mat sampled
from near the photosynthetic fringe at Nymph Creek resulted
in a significant (P < 0.01) decrease (31% of unamended control
rate) when compared to the unamended control DIC uptake rate
(Figure 5A). The DIC uptake rates in unamended controls were
not significantly different from the sulfide amended controls (5
and 20 wM) in microcosms containing photosynthetic mat from
Nymph Creek when incubated in the dark, suggesting that sulfide
did not significantly influence chemosynthetic DIC uptake in the
microcosm incubations.

The rate of light-driven DIC uptake was also significantly
(P =0.04) suppressed (~55% of unamended control rate) by the
addition of sulfide to a final concentration of 5uM in micro-
cosms containing microbial mat sampled near the photosynthetic
fringe at Dragon Spring, whereas the rate of dark DIC were
not significantly affected (P=0.33) by the addition of sulfide
(Figure 5B). Interestingly, the rate of light-driven DIC uptake
was not significantly (P =0.08) affected by the addition of sul-
fide when added to a final concentration of 5 WM in microcosms
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FIGURE 5 | Rate of DIC uptake in phototrophic assemblages sampled
from near (<1cm) the photosynthetic fringe at Nymph Creek (fringe
pH=2.89, Temp. =52.1°C, total sulfide < 150 nM) as a function of
increasing amendment of sodium sulfide to final concentrations of 5
and 20 .M when incubated under light and dark conditions (A). Rate
of DIC uptake in photosynthetic assemblages sampled from near
(<1cm) the photosynthetic fringe at Dragon Spring (fringe pH =2.60,
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Temp. =46.2°C, total sulfide = ~1 M) and Perpetual Spouter (fringe
pH =712, Temp. = 68.6°C, total sulfide < 150 nM) as a function of
amendment of sodium sulfide to final concentrations of 5 .M when
incubated under light and dark conditions (B). All spring water used in
inoculums was sampled from the photosynthetic fringe and rates of DIC
uptake were normalized to grams of organic nitrogen present in the
biomass used as inoculum (Table 1).

containing photosynthetic mat sampled near the photosynthetic
fringe at Perpetual Spouter. Likewise, the rate of dark DIC uptake
was not significantly (P =0.93) affected by the addition of sul-
fide when added to a final concentration of 5 WM in microcosms
containing photosynthetic mat sampled near the photosynthetic
fringe at Perpetual Spouter (Figure 5B). Thus, the addition of sul-
fide suppresses light-driven DIC uptake in the algal-dominated
photosynthetic mats present in Nymph Creek and Dragon Spring,
but has no significant influence on rates of DIC uptake in Per-
petual Spouter, which is dominated by bacterial phototrophs most
closely affiliated with Synechococcus sp. and Roseiflexus sp. (Hamil-
ton et al., 2011b). The rate of DIC uptake when incubated in the
dark was unaffected by the addition of sulfide, regardless of the
sampling location.

The influence of temperature on DIC uptake was exam-
ined in phototrophic mats sampled from near the photosyn-
thetic fringe at Dragon Spring (fringe pH = 2.60, Temp. = 46.2°C,
total sulfide = ~1 wM) and Perpetual Spouter (fringe pH=7.12,
Temp. =68.6°C, total sulfide <150nM) in August of 2011. All
components of the reaction (inoculum, spring water) were identi-
cal in the reactions, with the exception of where in the thermal
transect the microcosms were incubated. Incubation of pho-
totrophic mats at a thermal transect 10°C greater than that
at the photosynthetic fringe resulted in a statistically signifi-
cant (P <0.01 for both Dragon Spring and Perpetual Spouter)
decrease in light-driven DIC uptake rates when compared with
rates of light-driven DIC uptake in microcosms incubated at the
fringe temperature in both Dragon Spring and Perpetual Spouter
(Figure 6). The rates of light-driven DIC uptake in microcosms
incubated at the higher temperature locations (56 and 78°C for
Dragon Spring and Perpetual Spring, respectively), were 3.9 and
2.2% of the rate of light-driven DIC uptake in microcosms at
the fringe temperature of 46°C in Dragon Spring and 68°C in
Perpetual Spouter, respectively (Figure 6). Interestingly, the rate
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FIGURE 6 | Rate of DIC uptake in phototrophic assemblages sampled
from near the photosynthetic fringe at Dragon Spring (fringe pH =2.60,
Temp. =46.2°C, total sulfide = ~1 M) and Perpetual Spouter (fringe
pH=7.12, Temp. = 68.6°C, total sulfide < 150 nM) when incubated at the
fringe temperature as well as at a temperature ~10°C greater than at
the fringe temperature (58.0 and 78.4°C, respectively), under both light
and dark conditions. All spring water used in microcosms was sampled
from near the photosynthetic fringe and rates of DIC uptake were
normalized to grams organic nitrogen in biomass that served as inoculum
(Table 1).

of DIC uptake in microcosms incubated in the dark at the fringe in
Dragon Spring was not significantly different (P = 0.17) from that
measured in microcosms incubated in the dark at the higher tem-
perature locations. In contrast, the rate of DIC uptake in micro-
cosms incubated in the dark at the fringe in Perpetual Spouter
was significantly lower (P =0.04) from that measured in micro-
cosms incubated in the dark at the higher temperature locations.
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The rates of DIC uptake in microcosms incubated in the dark at
the higher temperature locations in Dragon Spring and Perpet-
ual Spouter were 139 and 32% of those measured in microcosms
incubated at the fringe, respectively. Thus, DIC uptake in algal
populations that comprise the phototrophic assemblage at Dragon
Spring and the cyanobacterial populations that comprise the pho-
totrophic assemblage at Perpetual Spouter are apparently more
sensitive to temperature stress than the chemotrophic populations
in these assemblages.

DISCUSSION

The innovation of photosynthesis, specifically the photosynthetic
apparatus capable of splitting water into O,, protons, and elec-
trons, was a pivotal point in the evolution of Earth’s biogeo-
chemical cycles (Blankenship, 1992; Anbar, 2008; Falkowski and
Isozaki, 2008) and the emergence of complex life (Raymond and
Segre, 2006; Boyd et al., 2011; Wang et al., 2011a). While stud-
ies continue to refine our understanding of when these events
are likely to have occurred (Anbar et al., 2007; Buick, 2008; Ses-
sions et al., 2009), far fewer studies have focused on understanding
the ecological interactions that are likely to have influenced the
evolution of photosynthesis. The extreme variation in geochem-
ical composition present in YNP’s >12,000 geothermal features
(Nordstrom et al., 2005; Shock et al., 2010) offer a multitude of
spatial gradients that directly select for organisms with enhanced
performance or fitness under a given set of conditions (Brock,
1967; Allewalt et al., 2006; Miller et al., 2009). In the present
study, the distribution of photosynthesis along spatial gradients
of temperature, sulfide, and pH from 439 geothermal springs
was quantitatively mapped using GAMs in order to identify the
constraints on the habitat range of phototrophic metabolisms
in the YNP geothermal complex. Microcosm studies served to
determine whether the edges of the habitat range were due to
constraints on the activity of the constituent populations, in
an attempt to begin to translate the habitat range to a fitness
landscape.

Aside from light availability, GAMs indicated that the pri-
mary variable influencing the distribution of photosynthesis was
temperature, with sulfide as the second most significant pre-
dictor of the distribution of photosynthetic metabolism. These
quantitative rankings are consistent with previous qualitative dis-
tribution patterns noted across YNP (Cox et al., 2011; Hamil-
ton et al., 2011b) as well as with physiological data obtained
from cultivated algae and cyanobacteria. Photosystem II (PSII),
the water splitting complex present in cyanobacteria, algae, and
plants (Blankenship, 1992, 2010) is sensitive to sulfide in some,
but not all, oxygenic phototrophs (Castenholz, 1977; Oren et al.,
1979; Miller and Bebout, 2004). To examine whether the sulfide-
dependent pattern in the distribution of phototrophs is due to
suppression of photosynthetic activity (presumably through the
toxicity to PSII) DIC uptake rates in the presence and absence
of sulfide were compared. DIC uptake in alkaline phototrophic
assemblages likely to be dominated by cyanobacteria was unaf-
fected by the addition of 5uM sulfide, whereas DIC uptake in
acidic phototrophic assemblages likely to be dominated by algae
was suppressed by sulfide at a concentration of 5 M. The pre-
dominant form of sulfide at acidic pH (pH <6-7) is H,S(aq)

(Amend and Shock, 2001), which is also the form thought to
be responsible for PSII toxicity since it easily diffuses across the
cell membrane (Howsley and Pearson, 1979). Thus, the physi-
ological sensitivity to sulfide at concentrations as low as 5uM
observed in photosynthetic assemblages inhabiting acidic springs
is consistent with the presence of algal phototrophs in acidic envi-
ronments (pH <5.0) only when the total sulfide concentration
was less than ~5uM (Figure 2). Thus, the physiological con-
straints imposed by sulfide impairs activity, which in turn likely
renders algal populations unfit to successfully replicate in these
environments. This decrease in fitness would in turn likely limit the
distribution of algae to YNP habitats with sulfide concentrations
of <5uM.

Existing data indicate that the photosynthetic populations
inhabiting the edge of the phototrophic habitat range in acidic
environments (pH <5.0) are comprised primarily of algae related
to Cyanidioschyzon sp. (Ferris et al., 2005; Lehr et al., 2007;
Boyd et al., 2009a). The habitat range for Cyanidioschyzon sp.
appears to vary depending on the spring being examined. For
example, Cyanidioschyzon sp. mats are commonly observed in
acidic springs in Norris Geyser Basin and other locales in YNP
at temperatures approaching ~57°C (Lehr et al., 2007), yet in
other acidic springs in YNP and global-distributed hydrothermal
fields such as those in Japan, their distribution is constrained to
lower temperatures (~40-50°C; Cox et al., 2011; Hamilton et al.,
2011b). This suggests that minor variations in the composition
of the fluid in individual acidic springs might be limiting the
activity of algal populations and impacting their reproductive
fitness and distributional pattern. This hypothesis is consistent
with the “patchy” distribution of phototrophic metabolism in
environments with pH <5 and temperatures lower than 56°C
(Figure 2A). Previous studies have noted rapid decreases in sul-
fide as a function of increasing distances from the source in
acidic springs either through degassing or oxidation via biolog-
ical or abiological mechanisms (Langner et al., 2001; D’ Imperio
et al.,, 2008; Cox et al., 2011). This observation, together with the
variability in total sulfide concentrations in the source waters of
acidic features (Shock et al., 2010), is likely to result in differ-
ences among points in the thermal transects where total sulfide
concentrations drop below 5M, the apparent upper limit tol-
erated by Cyanidioschyzon-like populations in YNP (Figure 2B).
In turn, such variation would likely impact the temperature at
the point in the thermal transect where algal photosynthesis is
possible.

The influence of temperature on DIC uptake rates was also
examined in alkaline and acidic springs, since a previous study
indicated that a strain of Synechococcus isolated from YNP was
photosynthetically active at a temperature of 75°C (Allewalt et al.,
2006), 2°C warmer than has been observed in YNP (Figure 2A).
Although light-driven DIC uptake was observed in algal- and
cyanobacterial-dominated phototrophic assemblages incubated
at temperature locations that were 10°C higher (56 and 78°C,
respectively), than the in situ temperature where the mats were
sampled (46 and 68°C, respectively), it only represented 3 and
2%, respectively, of the activities observed at the in situ tem-
perature. This finding is consistent with previous results indi-
cating that photosynthesis in natural communities and isolates
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is most efficient at temperatures that correspond to those of
the environment where the phototrophic assemblages were sam-
pled, apparently due to evolutionary optimization to inhabit
that particular ecological niche (Brock, 1967; Miller and Cas-
tenholz, 2000; Allewalt et al., 2006). To the extent that DIC
uptake reflects the overall physiological state of the photosyn-
thetic assemblages, these results indicate that temperature con-
strains the distribution of photosynthesis due to its effects on the
physiology of the organisms comprising the community, thereby
decreasing their overall fitness. As summarized by Cox et al.
(2011) numerous hypotheses have been put forth regarding the
mechanisms through which temperature may limit phototro-
phy, including arguments regarding protein stability (Kempner,
1963) and the functionality of the CO;-assimilating mechanism
under thermal stress (Meeks and Castenholz, 1978). Biochemi-
cal experimentation that is beyond the scope of this study will
be required to elucidate the molecules that are most sensitive
to temperature stress and which are likely to restrict the diver-
sification of phototrophs to environments with temperatures
>73°C.

Although evidence is presented here to indicate that photosyn-
thesis is possible at temperatures as high as 78°C, it is unlikely
that this activity is sufficient for reproductive success considering
that photosynthesis has never been observed in nature above a
temperature of ~73°C(Brock, 1967). In acidic environments (pH
<4-5), the upper temperature limit for the distribution of pho-
tosynthetic metabolism is limited to locations with temperatures
of less than ~57°C (Lehr et al., 2007; Boyd et al., 2009b, 2010
Cox et al., 2011; Hamilton et al., 2011b). This is likely due to the
transition from cyanobacterial-dominated phototrophic ecosys-
tems to algal-dominated photosynthetic ecosystems over this pH
interval (Brock, 1973; Hamilton et al., 2011b) coupled with the
suppression of phototrophic activity in algae by hydrogen sulfide.
As a result of degassing and oxidation (Langner et al., 2001; Cox
et al., 2011), the elevated sulfide concentrations that are common
in source fluids dissipate, ultimately reaching the concentrations of
less than ~5 M that enable algal phototrophs to grow and repro-
duce. Considering that numerous microorganisms have evolved
to thrive at temperatures of >73°C (Brock, 1985) and a number
of cyanobacteria have evolved to tolerate up to mM concentra-
tions of sulfide (Oren et al., 1979; Miller and Bebout, 2004),
it is unclear why phototrophs have not radiated and expanded
their habitat boundaries in YNP. Perhaps the edges of the habi-
tat range reflect intrinsic limits of the photosynthetic apparatus
itself. Such a scenario corresponds to a deep valley on a fitness
landscape, whereby the sole mechanism to adapt to a higher tem-
perature (high physiological stress) is through significant and
rapid adaptation (Keymer et al., 2006). However, if trade-offs
or costs associated with adaptation to higher temperatures result
in a loss of fitness at the expense of the adaptive advantage for
a thermotolerant photosynthetic apparatus, the organism will
not persist and diversification will collapse back to the ancestral
state. Additional physiological studies, employing an evolution-
ary framework such as that used by Miller and colleagues (Miller
and Castenholz, 2000; Miller, 2003), will be required to elucidate
the physiological parameter(s) underlying the upper temperature
limit for photosynthesis.

Generalized additive models that comprise multiple explana-
tory variables were significant predictors of the distribution of
phototrophic metabolisms in YNP, indicating additive interactions
among variables that constrain their habitat range. However, it is
not known if the additive interactions that lead to distributional
patterns reflect additive constraints on the fitness of populations
that comprise the habitat edge communities. Additional studies
using ecologically representative isolates will facilitate the exami-
nation of the effect of co-variation among target parameters under
controlled conditions on the activities and fitness of phototrophic
populations. Importantly,a GAM that comprised variation in tem-
perature, sulfide, and pH was only capable of explaining 67% of
the variation in the distribution of photosynthetic metabolisms,
indicating that 33% of the variation is due to other unaccounted
for variables. Elevated concentrations of metals are common in
YNP geothermal environments including copper, mercury, and
zinc (McCleskey et al., 2005; King et al., 2006; Boyd et al., 2009a;
Wang et al., 2011b). Such metals have been shown to inhibit the
activity of photosynthetic organisms, primarily through their dis-
ruption of the light harvesting apparatus (Clijsters and van Assche,
1985; Kiipper et al., 2002). The speciation and bioavailability of
many metals, including mercury (Barkay et al., 2010; Wang et al.,
2011b), vary with the composition and pH of the environment.
Thus, the influence of pH on defining the habitat range of pho-
tosynthetic metabolism as identified by GAMs may relate to the
bioavailability and speciation of the numerous metals that co-vary
with pH and result in a decrease in the fitness of phototrophic
organisms in YNP. It has also been suggested that the availabil-
ity of DIC, which tends to be lower at high temperature(Weyl,
1959) and which tends to speciate toward carbonic acid at low
pH (Amend and Shock, 2001), may place additional constraints
on the activity and fitness of phototrophs(Hamilton et al., 2011b).
Without sufficient inorganic carbon to serve as the oxidizing agent,
photoautotrophs can become severely photoinhibited, leading to
oxidative stress (Murata et al., 2007) which would decrease fitness
and would presumably place an additional constraint on their dis-
tribution. Indeed, the availability of DIC was inversely correlated
with pH in the sites examined in the present study. A future goal
of this work is to integrate measurements of phototroph in situ
activity, phototroph abundance data, phylogenetic data, and more
detailed geochemical data (e.g., DIC, trace metals, etc.) such thata
comprehensive fitness landscape can be developed for photosyn-
thesis in YNP in order to effectively predict the constraints on the
evolution of this key metabolic process in this early Earth analog
environment.
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In this study we show that metals, and in particular copper (Cu), can disrupt the lytic cycle
in the Emiliania huxleyi — EnV86 host-virus system. E. huxleyi lysis rates were reduced
at high total Cu concentrations (> approximately 500 nM) in the presence and absence of
EDTA (ethylenediaminetetraacetic acid) in acute short term exposure experiments. Zinc
(Zn), cadmium (Cd), and cobalt (Co) were not observed to affect the lysis rate of EhV86 in
these experiments. The cellular glutathione (GSH) content increased in virus infected cells,
but not as a result of metal exposure. In contrast, the cellular content of phytochelatins
(PCs) increased only in response to metal exposure. The increase in glutathione content
is consistent with increases in the production of reactive oxygen species (ROS) on viral
lysis, while increases in PC content are likely linked to metal homeostasis and indicate that
metal toxicity to the host was not affected by viral infection. We propose that Cu prevents
lytic production of EhV86 by interfering with virus DNA (deoxyribonucleic acid) synthesis
through a transcriptional block, which ultimately suppresses the formation of ROS.

Keywords: copper, Emiliania huxleyi, phytoplankton, virus, cadmium, phytochelatins, thiols, glutathione

e-mail: dsch@mba.ac.uk

'Present address:

Aurélie Devez, IFREMER, Centre de
Brest, Department
ODE/DYNECO/PELAGOS, Pointe du
Diable, BP 70, 29280 Plouzané,
France

INTRODUCTION

Viruses have been shown to be the most ubiquitous biological
entities detected in the ocean to date (Bergh et al., 1989; Sandaa,
2008), with over a quarter of organic carbon in the sea passing
through the “viral shunt” (Wilhelm and Suttle, 1999). Viruses not
only directly affect the abundance and diversity of the organisms
they infect (e.g., Sorensen et al., 2009), but viral lyses results in the
release of nutrients and organic carbon and thus influences the
biogeochemical cycles of key elements such as carbon, nitrogen,
and iron (Fe; Gobler et al., 1997; Mioni et al., 2005; Weinbauer
et al., 2009). Therefore viruses are important players in global
ecosystems (Suttle, 2007). The relationship between virus and host
in the marine environment is thought to be complex, however the
Emiliania huxleyi — EhV host—virus system has emerged as one of
the best model systems to investigate algal host—virus interactions
(Bidle and Vardi, 2011).

EhV86, a Coccolithovirus, is responsible for the termination
of naturally occurring blooms of the coccolithophore E. huxleyi
(Schroeder et al., 2002; Wilson et al., 2002). More recently, studies
into the mechanisms of EhV86 infection have revealed an animal-
like infection strategy (Mackinder et al., 2009), exploiting pathways
previously thought to be restricted to higher multicellular organ-
isms. These pathways include the synthesis of ceramide (Wilson
et al., 2005; Han et al., 2006) inducing programmed cell death

(PCD) in the unicellular coccolithophore (Bidle and Falkowski,
2004; Pagarete et al., 2009; Vardi et al., 2009). Notably, viral lysis
of E. huxleyi by EhV86 also triggers the production of reactive
oxygen species (ROS; Evans et al., 2006), which in turn induces
caspase activity and consequently PCD (Bidle et al., 2007).

Cellular processes in micro-organisms are also strongly influ-
enced by the chemistry of trace metals, which in turn influence
the primary production and community structure in the ocean
(Sunda, 1988; Morel and Price, 2003). Copper (Cu) and cadmium
(Cd) are two trace metals that can be found at elevated levels
in coastal environments (e.g., Braungardt et al., 2007). Copper is
an essential cofactor of enzymes involved in a variety of physi-
ological processes including respiration, photosynthesis, oxygen
transport, and antioxidant defense. Therefore, Cu is required for
growth by marine phytoplankton, but is toxic at elevated concen-
trations (Morel et al., 1978; Brand et al., 1986; Gledhill et al., 1997).
Copper predominantly occurs as Cu(II) but biological systems uti-
lize the ability of Cu to undergo a redox cycle. It is this property that
gives Cu its toxic potential. Copper catalyzes the reaction between
superoxide and hydrogen peroxide, producing the highly reactive
hydroxyl radical via the following cycle:

Cu?t +05” > Cut +0,
Cut + H,0;, — Cu*t + OH*™ + OH™
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The reaction with hydrogen peroxide will compete with the
faster reaction between Cut and O35~ (Voelker et al., 2000; Heller
and Croot, 2010, 2011):

Cut + 05 — Cu’t + H,0,

so that the production of the hydroxide radical will be influenced
by the ambient redox environment (which is reducing within cells;
Schafer and Buettner, 2001) and the relative concentrations of Cu
and superoxide.

Hydroxyl radicals can cause oxidative damage to cellular com-
ponents such as deoxyribonucleic acid (DNA), proteins, and lipids.
For example, Cu causes damage to DNA by binding near guanine
bases, where it is reduced to Cu(I) and then reoxidized to Cu(II)
by reaction with hydrogen peroxide producing hydroxyl radicals.
The radicals then mediate DNA strand breakage in close proximity
to the bound Cu (Sagripanti and Kraemer, 1989; Aruoma et al.,
1991). The redox properties of Cu also allow the metal to bind
to several types of amino acid residues and therefore Cu could
be inappropriately incorporated into proteins and enzymes that
normally bind other metal ions. This results in a loss of func-
tion through inactivation or changes in conformational fold. In
humans for example, Cu may contribute to the development of
Alzheimer’s disease, along with Fe and zinc (Zn), as it has been
found to induce aggregation of the f-amyloid (AB) protein and
has been found in high quantities (0.44 mM) in Alzheimer plaques
(Lovell et al., 1998; Curtain et al., 2001). Moreover, these high Cu
levels are linked to an increase in oxidative stress which plays a
central role in neurodegenerative disorders (Permyakov, 2009).

Copper has long been known to possess antimicrobial and
antiviral properties, and in the last decade studies have suggested
that Cu surfaces could be reintroduced into hospitals to reduce
the transmission of microbes such as methicillin resistant Staphy-
lococcus aureus (Noyce et al., 2006a), Escherichia coli O157 (Noyce
etal.,2006b), and influenza A virus (Noyce et al.,2007). The mech-
anisms of Cu disruption of virus infection may vary depending
on the virus and have yet to be fully understood (Karlstrom and
Levine, 1991a,b; Sagripanti et al., 1997; Horie et al., 2008), how-
ever there is some evidence to suggest that inactivation of viruses
can proceed via Cu mediated DNA damage as described above
(Levinson et al., 1973; Sagripanti et al., 1997).

Cadmium (Cd) had been considered a non-essential metal, but
more recently a unique biological role for Cd has been identified
in marine diatoms. It has been shown that Cd can replace Zn as
a metal of the Zn carbonic anhydrase (Price and Morel, 1990),
and that Cd carbonic anhydrases can play a role in the acquisition
of inorganic carbon for photosynthesis in the oceans (Lane et al.,
2005). High levels of anthropogenic Cd in the coastal environment
has also led to toxicological effects in exposed marine organisms.
For example, Cd is reported to reduce reproduction rates in phy-
toplankton (Brand et al., 1986). The mechanism of Cd toxicity is
known in animal systems where Cd complexes glutathione (GSH)
and protein-bound sulthydryl groups, resulting in enhanced pro-
duction of ROS such as superoxide ion, hydroxyl radicals, and
hydrogen peroxide (Stohs et al., 2001). Cadmium has been shown
to inhibit the enzymatic activity of the Cu/Zn-superoxide dismu-
tase (Cu/Zn-SOD) from rat liver (Hussain et al., 1987) and human

Cu/Zn-SOD (Huang et al., 2006). This occurs through replace-
ment of the normally bound Zn(II) ion with a Cd(II) ion at the
active site.

Elevated Cu and Cd concentrations in many marine eukary-
otic phytoplankton are tolerated through the induction of phy-
tochelatins, thiols of the general formula (y-Glu-Cys),-Gly, where
n commonly ranges between 2 and 4 (Ahner and Morel, 1995;
Ahner et al., 1995; Kawakami et al., 2006b,c; Devez et al., 2009).
Phytochelatins and other thiols may also be released into the sur-
rounding media, reducing free metal concentrations, and poten-
tially affecting metal bioavailability (Lee et al., 1996; Leal et al.,
1999; Vasconcelos and Leal, 2001; Vasconcelos et al., 2002). Phy-
tochelatins are synthesized from GSH, which is also known to
respond to oxidative stress. However, while the intracellular abun-
dance of PCs is thought to be linked to metal concentrations in the
surrounding water (e.g., Ahner and Morel, 1995; Ahner etal., 1995;
Morelli and Scarano, 2001; Dupont and Ahner, 2005; Le Faucheur
et al., 2005; Kawakami et al., 2006b; Pawlik-Skowronska et al.,
2007; Morelli and Fantozzi, 2008; Devez et al., 2009), cellular GSH
abundance, and metal concentrations are not necessarily directly
related (Kawakami et al., 2006¢; Scheidegger et al., 2011). Glu-
tathione has many metabolic roles (Mendoza-Cozatl et al., 2005),
however, exogenous GSH is known to affect replication of Herpes
simplex virus type 1 (HSV-1) by interfering with the verylate stages
of the virus life cycle, without otherwise affecting host cellular
metabolism (Palamara et al., 1995).

Metals thus have the potential to impact host—virus interac-
tions. However, to our knowledge, the effects of metals have not
yet been assessed for any marine host—virus system. The aim of
this study was therefore to undertake a preliminary investigation
into interactions between trace metals and the E. huxleyi — EhV86
system. We subsequently examined (1) the impact of elevated Cu
and Cd concentrations on the EnV86 lytic cycle and (2) the cellular
mechanism involved in these interactions.

MATERIALS AND METHODS

Sterile trace metal clean techniques were used for culturing. Glass-
ware and polycarbonate bottles (Nalgene) were acid washed (1 M
HCI) for at least 24 h prior to use, 4 L polycarbonate culture vessels
(Nalgene) were double bagged (Nalgene autoclavable plastic bags)
prior to autoclaving at 120°C for 30 min.

CULTURE CONDITIONS

Emiliania huxleyi (strain CCMP 1516) was obtained from the
Provasoli-Guillard Center for Culture of Marine Phytoplank-
ton (CCMP). Experiments reported here focused on acute short
term (4 days) effects. E. huxleyi was batch cultured in f/2 minus
Si medium prepared using 0.2 um filtered seawater collected
from the North Atlantic Gyre in the Canary Basin (between
24.1 and 29.5°N and 23.4 and 27.6°W). The culture medium
(pH=7.8 £ 0.1) was allowed to equilibrate overnight and then fil-
tered sterilized (0.2 pum, Sartorius) prior to seeding with E. huxleyi.
Although it was possible that viruses already present in the seawa-
ter would have passed through the 0.2-pum filter, in practice we did
not observed any evidence of lysis of E. huxleyi in our control cul-
tures, indicating that this was not a problem in these experiments.
Concentrations of the nutrients nitrate (NaNOs3) and phosphate
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(NaH,PO,) added to the seawater were 3 x 10~%and 1 x 107> M,
respectively. Concentrations of trace metals added to the sea-
water were 10nM Cu, 100 nM molybdenum, 4 nM Zn, 2.5nM
cobalt (Co), 23 nM manganese, 450 nM Fe, and 10 nM selenium.
Media used for initial experiments with 2.5 uM added Cd, Co,
Cu, and Zn were carried out in the presence of 5 M ethylene-
diaminetetraacetic acid (EDTA). Experiments with different Cu
concentrations were carried out in the presence and absence of
5uM EDTA, and experiments investigating thiol production and
RNA expression were carried out in the absence of EDTA. Cultures
were maintained at 15+ 1°C under a light/dark cycle of 12:12h
and at an illumination of 150 jumol photons m =2 s~ in a growth
cabinet (MLR-350, Sanyo).

VIRUS CULTURE MAINTENANCE

The Coccolithovirus EhV86 was propagated by using acclimated
and synchronized batch cultures of E. huxleyi 1516 grown in f/2
medium without EDTA and Si (Schroeder et al., 2002). The occur-
rence of lysis was generally indicated by a change in the culture
appearance, from a green to a chalky white color. The new virus
stock solution was obtained from an E. huxleyi culture grown to a
cell density of approximately 1 x 10° cells mL ™! at a multiplicity
of infection of approximately 10. The new virus stock solution was
labeled and stored in the dark at 4°C until required.

METAL AND VIRUS ADDITION

The virus and the single studied metal (Cd, Co, Cu, Zn) were added
simultaneously. The addition of EhV86 virus, in excess for infec-
tion, was done to exponentially growing E. huxleyi host cultures
approximately 4 days after subculturing. In initial experiments
investigating effects of Cd, Co, Cu, and Zn, metals were added
at a concentration of 2.5 M in excess of concentrations already
present in the media. A second experiment investigated a range
of Cu concentrations between 125nM and 1 uM. For the final
experiment investigating the mechanism of the Cu virus interac-
tion, Cu was added at a total concentration of 1.25 uM and Cd at
5.0 WM. Non-infected cultures with and without metal were used
as a control in parallel for each virus/metal treatment.

Growth of the cultures was monitored daily by enumerating
cells (Multisizer™ II coulter counter). Cell numbers were used to
guide subsequent sampling frequency for PCs and viral ribonu-
cleicacid (RNA). Cultures were sampled daily for virus counts and
on alternate days for thiol content. RNA expression was sampled
on days 5, 7, and 10 post infection for Cu and daily up to day
8 post infection for Cd. All analyses were carried out in dupli-
cate. For virus counts, 1 mL was sampled and fixed using 50 pL
of polyoxymethylene (paraformaldehyde, Sigma Aldrich, 1% final
concentration) and subsequently stored at —80°C for later analysis
by flow cytometry. For thiol analysis, 500 mL of culture solution
was filtered (0.45 um pore size nitrocellulose membrane filters,
Whatman) under gentle vacuum pressure and stored at —80°C. For
isolation of RNA, E. huxleyi cells were harvested via centrifugation
and RNA was extracted from the pellets using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. Total RNA
was DNase treated (Promega) to remove any DNA contamination
and then quantified using the NanoDrop 1000 spectrophotometer
(Thermo Scientific).

Cell counts from the coulter counter were used to calculate the
average growth () rates for E. huxleyi over the period of viral
infection from the slope of a graph of In(cells) against time. The
viral lysis rate is then calculated from

W+virus = K — Viysis

where yyy; is the E. huxleyi lysis rate, u is the growth rate of E. hux-
leyi in control cultures or treatments containing the added metal,
and [ virys is the growth rate of E. huxleyi in infected cultures or
infected cultures containing the added metal.

FLOW CYTOMETRY
Determination of the abundance of viral particles and E. huxleyi
cells was performed simultaneously (FACSort, Becton Dickinson
Biosciences). EhV86 were discriminated based on their green flu-
orescence and side scatter. E. huxleyi cells were counted based on
their red and orange fluorescence signatures upon staining with
SYBR Green I DNA dye (Schroeder et al.,2002; Wilson et al., 2002).
Comparison of fresh (coulter counter) and fixed (Flow Cytom-
etry) E. huxleyi cell counts showed that a good agreement was
observed between these two counting approaches (¢ test, p > 0.05,
n=48).

DETERMINATION OF PARTICULATE THIOLS

The total concentrations of glutathione (GSH) and phytochelatins
(PCs) in metal and virus exposed E. huxleyi cultures were deter-
mined according to the method reported by Kawakami et al.
(2006a). Intracellular thiol measurements were performed in
duplicate by reverse-phase high performance liquid chromatog-
raphy (HPLC) with fluorescence detection.

Thiols were extracted on ice (5min), following addition of
1.2 mL solution of 0.1 M HCl containing 5 mM diethylenetriamine
pentaacetic acid (DTPA, Fluka Biochemica) to a 2-mL microcen-
trifuge tube (Fisher) containing the filter with E. huxleyi biomass.
The extract was centrifuged (13000 g/20 min at 4°C) and syringe
filtered (0.2 wm pore size cellulose membrane, Minisart RC4,
Sartorius) prior to reduction (25 L of a 20-mM 2-carboxyethyl-
phosphine hydrochloride, 5 min, TCEP, Sigma). Further oxidation
was minimized (5 mM DTPA) and the extract was buffered at pH
8.2 (200 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic
acid, HEPES). After a further 5 min, 10 L of a 100-mM of a sulfur-
specific fluorescent tag monobromobimane was added (MBrB in
acetonitrile, Fisher) followed by 465 L of the HEPES/DTPA pH
8.2 solution. The derivatization procedure was carried outin a dark
room under dim red light conditions. After 15 min, the reaction
was stabilized and the derivatization of thiols by MBrB, stopped
by addition of 100 L of 1 M methanesulfonic acid (99%, Sigma).
Vials were stored in the dark at 4°C until HPLC analysis.

Thiols were analyzed by reverse-phase HPLC with fluorescence
detection (Kawakami et al., 2006a). The HPLC comprised a sys-
tem controller (Shimadzu SCL-10A) and two pumps (Shimadzu
LC-10ADvp), an autosampler (Shimadzu SIL-10ADVP) and a flu-
orescence detector (Shimadzu RF-10A XL) operating at 380 nm
(excitation) and 470 nm (emission) wavelengths. Separation of
the thiols was carried out using a 150 mm x 2.1 mm C-18 HPLC
column (Ascentis, Supelco) with a 3-pum particle size and a gradi-
ent program of 0—5 min, 10% B; 5-18 min, 10-22% B; 18—40 min,
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22-35% B; 40-50 min, 35-100%; 50-55 min, isocratic 100% B;
55—-58 min, 100-10% B; 58—60 min 10% B, where A was 0.1% tri-
fluoroacetic acid (TFA, Fluka) and B was acetonitrile. The flow
rate was 0.2 mL min~!.

Phytochelatin concentrations were standardized with GSH
(reduced form, purity 99%, Sigma) assuming that the fluores-
cence response was directly proportional to the number of thiol
groups (Kawakami et al.,2006a). We used PCs directly produced by
Phaeodactylum tricornutum under metal stress for identification
of retention times for PC,, PC3, and PC4. GSH eluted at 11.4 min
and PC2, 3,and 4 at 18.8, 21.7, and 24.2 min, respectively. Cellular
GSH and PC concentrations were normalized to the number of
cells and are thus expressed in amol SH cell™!. The limit of detec-
tion, calculated from three times SD of a 5-pmol GSH standard,
was 0.1 pmol with a 100-p L injection volume. Analytical variabil-
ity within standards and samples was less than 10%. The recovery
of GSH added to samples prior to derivatization was determined
to be 86 =29% (n=11).

ONE-STEP REVERSE TRANSCRIPTION-PCR

RT-PCR detection of virus-related gene expression was under-
taken using primers designed to amplify four viral genes, DNA
polymerase (DNA pol), Helicase, proliferating cell nuclear anti-
gen (PCNA) protein, and major capsid protein (MCP; Table 1).
One-step RT-PCR was used to amplify 10 ng RNA in 25 uL reac-
tions containing 1 x One-step sensimix QPCR mix (with SYBR
green), 7.5 pmol forward primer, 7.5 pmol reverse primer, and
5 units RNase inhibitor. Reactions were carried out in a Rotor-
gene 6000 QPCR machine (Corbett Research) using the following
conditions: reverse transcription at 49°C for 10 min, polymerase
activation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s,
54°C for 15 (60°C for MCP), and 72°C for 15 s. Fluorescence was
acquired at the end of each extension step on the green channel.
RT-PCR reactions were subjected to melt curve analysis to ensure
a single product had been generated by gradual melting from 72
to 95°C and fluorescence acquisition at each 1°C increment. RT-
PCR products were verified by gel electrophoresis on a 2% (w/v)
agarose gelin 1 x TAE buffer and viewed ona UV transilluminator
(Syngene).

STATISTICAL ANALYSIS

As analysis was only performed in duplicate, estimates of errors
in growth, and lysis rates were calculated from the square route
of the sum of squares of the SEs of the slopes of In(cells) against

time. The lack of experimental replication meant that the statisti-
cal significance of our results could not be tested and comparisons
between treatments are thus qualitative.

RESULTS

E. HUXLEYI — EhV86 INFECTION DYNAMICS IN THE PRESENCE OF
VARIOUS METAL IONS

Preliminary experiments, carried out with a range of metals (Cu,
Zn, Co, and Cd) on the E. huxleyi — EhV86 host—virus system
indicated that viral lysis of E. huxleyi cells was disrupted in the
presence of Cu, but was similar to controls for the metals Cd,
Co, and Zn (Figure 1A). In this study we have interpreted our
data qualitatively as lack of sufficient replicates in our experimen-
tal design precludes more quantitative estimates of the statistical
significance of our results. However, Cu was consistently observed
to disrupt viral lysis of E. huxleyi in all the experiments under-
taken as part of this study. Furthermore varying the concentration
of Cu in the absence and presence of EDTA indicated that viral
lysis rates decreased with increasing Cu concentration and were
lowest in the absence of EDTA (Figure 1D). Copper is known to
be toxic to marine algae at high concentrations (e.g., Sunda and
Guillard, 1976; Brand et al., 1986; Gledhill et al., 1997; Levy et al.,
2007,2008; Debelius et al., 2009), and indeed the growth rate of E.
huxleyi was reduced at the highest Cu concentration when com-
pared to control cultures (Figures 1A,C). However the cumulative
effect of metal plus virus on host growth was only observed in
Cu treatments and thus appeared to be a specific effect of Cu.
Further short term exposure experiments aimed at understanding
the interaction between Cu and the E. huxleyi virus—host system
focused on Cd and Cu as these two metals are both known to
be toxic and they exhibited contrasting behaviors in our prelim-
inary experiments. Furthermore EDTA was omitted in order to
maximize the effect of trace metals on both host and virus.

PRODUCTION OF GLUTATHIONE AND PHYTOCHELATINS BY E. HUXLEYI
The intracellular content of GSH and PCs in infected and non-
infected E. huxleyi cells were determined in order to investigate
oxidative stress and trace metal homeostasis during the course of
the experiments. Post virus and metal addition growth curves for
E. huxleyi in the thiol expression experiments are presented in
Figure 2. Initial cell numbers were different for each experiment
when virus and metals were added (4.0 4 0.6 x 10° cells mL™!
for the Cu experiment and 1.4 & 0.2 x 10° cellsmL ™! for the Cd
experiment), however, calculated growth rates were similar for

Table 1 | Primers used in this study.

Primer name Target (CDS) Sequence (5'-3’') Amplicon size (bp) Reference

EhVpol_F DNA polymerase (ehv030) TATAATGCACGCCAACTTGC 98 This study

EhVpol_R GCAATTGCACCAAGTGGATA

EhVpcna_F PCNA (ehv440) GGGCATTTCATTTGCCATAC 157 This study

EhVpcna_R ATTCTCCGTCGACAATACGC

EhVhel_F Helicase (ehv104) GCCAACTGGTACAGGGAAAA 184 This study

EhVhel_R CATCCATGCATGTGTGACAA

MCP_F2 MCP (ehv085) GACCTTTAGGCCAGGGAG 134 Schroeder et al. (2002)
MCP_R2 GTTCGCGCTCGAGTCGAT
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and (C,D) at Cu concentrations between 125 and 1000 nM in the
presence (black bars) and absence (gray bars) of 5 .M EDTA.
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Errors were calculated from the square root of the sum of squares of
the errors in the slopes obtained from linear regression of In(cells)
against time for the period over which lysis occurred in the +virus
treatment.

the controls in each experiment for the post infection period and
reflected results observed in preliminary experiments (Figure 1).
Cellular GSH concentrations (Figure 3) were 66 & 10 amol cell ™!
on day 0 for the Cu experiment and 120 % 20 amol cell™! for
the Cd experiment and are similar to those reported previ-
ously for E. huxleyi and marine phytoplankton (Ahner et al,
1995; Kawakami et al., 2006¢). Cellular GSH content increased
in the infected treatments (Figure 3). For the Cu experiment,
GSH remained similar in both Cu and +Cu + Virus treatments,
while in the Cd experiment, cellular GSH levels in the Cd
treatment were similar to the control, while levels increased
in the +Cd+ Virus treatment (Figure 3). A previous study
on infected E. huxleyi cells indicated an increased intracel-
lular occurrence of ROS and oxidative stress (Evans et al.,
2006). The increase in GSH in virus infected cells in this study
is consistent with a response to increased oxidative stress on
viral infection. Glutathione content in the +Cd 4 Virus treat-
ment increased to an average of 2164 11 amolcell™! between
days 4 and 6 after infection and was closer to that of the
virus treatment (316427 amolcell™) than the Cd treatment
(46 £ 29 amol cell ™) and control (50 & 11 amol cell™!). In con-
trast the cellular GSH content of the +Cu+ Virus treatment
was 554 16amol cell™!, similar to that of the Cu treatment
(55419 amol cell™!), but less than GSH in the virus treatment
(124 £ 85amol cell 1), although there was a marked increase in
GSH variability in this treatment and the difference between the
virus treatment and the control was not as marked as for the Cd
experiment (Figure 3). These results indicate that the ROS event
associated with viral infection is reduced by Cu.

Phytochelatin concentrations increased after addition of both
Cu and Cd (Figure 4). Virus treatments showed only a slight
increase in PC concentrations, although the small E. huxleyi bio-
volume in these treatments resulted in very low absolute PC
concentrations and the calculated errors are likely underestimated.
Cellular phytochelatin concentrations were higher in the Cd and
+Cd + Virus treatments than in the Cu or +Cu+ Virus treat-
ments. Thus in contrast to the cellular GSH content, PC concen-
trations were observed to vary with metal treatment and not with
infection of E. huxleyi by EhV86.

EXPRESSION OF VIRUS-RELATED RNA

In order to confirm the presence of EhV86 within Cu and Cd
exposed E. huxleyi cells and to determine whether EhV86 was
transcriptionally active when exposed to elevated levels of Cu and
Cd, RT-PCR on four EhV86 encoded genes — DNA dependent
DNA pol — ehv030, PCNA protein — ehv440, Helicase — ehv104
and MCP - ehv085 — was carried out in duplicate before and after
treatment (Tables 2 and 3). Particulate material from Cu and Cd
experiments in the absence of virus were also analyzed and viral
RNA was not detected in any treatment not infected with the virus
(Tables 2 and 3). Genomic studies have previously revealed that all
four genes are required for successful infection (Wilson et al., 2005;
Allen et al., 2006). DNA pol and helicase are required for DNA
synthesis and therefore virus replication. The MCP is required
for virion assembly and PCNA is known to be involved in several
metabolic pathways, including Okazaki fragment processing, DNA
repair, translesion DNA synthesis, DNA methylation, chromatin
remodeling, and cell cycle regulation. PCNA in mammalian cells
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FIGURE 2 | Growth curves for Emiliania huxleyi on addition of trace
metals, the EnV86 Coccolithovirus, and a combination of metals and
EhV86 Coccolithovirus. (A) Cu and (B) Cd. Circles: control, inverted
triangles: +virus, squares: +metal, diamonds: +metal + virus. Errors were
calculated from the ranges observed for duplicate determinations of cell
counts.

appears to play a key role in controlling several reactions through
the coordination and organization of different partner proteins
(Maga and Hubscher, 2003). DNA pol, helicase, and PCNA genes
have been found to be expressed at around 2h post infection,
while MCP was only first detected 4 h post infection (Allen et al.,
2006). We found that Cd had no observable effect on the tran-
scription of all four genes (Table 3), consistent with observations
of virus synthesis and culture lysis (Figures 3 and 4). However, in
the presence of Cu, only PCNA, and MCP genes were expressed.
These results show that Cu did not therefore prevent virus entry
into E. huxleyi cells. However, viral replication within E. huxleyi
appears to have been reduced by Cu via an unknown mechanism
of transcriptional control.

DISCUSSION
Our experiments indicated that metals have a direct effect on
virus production and consequently infection success in the E.

huxleyi — EnV86 system. Furthermore it appears that the effect
is stronger for Cu than for Cd, Zn, and Co so that Cu caused
a reduction in lytic infection in short term exposure exper-
iments at high concentrations of total Cu (> approximately
500 nM). Although these concentrations are higher than com-
monly observed in the marine environment, such high concen-
trations have been recorded in contaminated estuarine systems
(Braungardt et al., 2007). Furthermore, these experiments repre-
sented an acute exposure to high concentrations of metal. Fur-
ther investigations are thus required in order to assess effects of
long-term metal exposure.

The mechanism of the interaction between Cu and the E. hux-
leyi — EhV86 system is currently unknown. Our observations are
summarized in Figure 5. Our data show that EhV86 did not have
an impact on the production of PCs in E. huxleyi and thus was
unlikely to have affected the toxicity of Cu to the host. The pri-
mary effect of Cu on the lytic cycle of EhV86 thus appears to
result from greater sensitivity of the virus to Cu toxicity relative to
the host. Viruses require metals for the functioning of their DNA
and RNA replication enzymes, so it has been previously suggested
that viral inactivation by Cu involves cleavage or damage of viral
DNA or RNA (Sagripanti et al., 1997). Recent studies have linked
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Table 2 | RT-PCR results for Cu exposure experiments.

EhV86 genes
DNA pol Helicase PCNA McCP
Control day 5 — — - —
Control day 7 — — _ _
Cuday 5 — — — _
Cuday 7 — — — _
EhV86 day 7 (v2*%) + + + +
EhV86 day 10 (v5¥) + + + +
Cu + EhV86 day 5 (v0*) — — _ _
Cu+EhV86 day 7 (v2¥) - - + +

NTCA - - - -

*Days post EhV86 addition; ~ no template control.

Cu exposure to a complete decline in virus particles confirming
antiviral properties of Cu-based agents and surfaces against major
opportunistic pathogens (Noyce et al., 2006a,b, 2007; Huang et al.,
2008; Weaver et al., 2008). However, in our study, virus particles
were not observed to decline completely in the presence of Cu,

Table 3 | RT-PCR results for Cd exposure experiments.

EhV86 genes
DNA pol Helicase PCNA MCP
EhV86 day 4 (vO*) — — — —
EhV86 day 5 (v1*) + + + +
EhV86 day 6 (v2*) + + + +
EhV86 day 7 (v3*) + + + +
EhV86 day 8 (v4*) + + + +
Cd day 4 — — _ _
Cdday 5 — — — _
Cd day 6 — - — —
Cd day 7 — — _ _
Cd day 8 — — _ _
Cd + EhV86 day 4 (vO*) - - — _
Cd + EhV86 day 5 (v1*) + + + +
Cd + EhV86 day 6 (v2*) + + + +
Cd + EhV86 day 7 (v3*) + + + +
Cd + EhV86 day 8 (v4*) + + + +

NTCA - - - -

*Days post EhV86 addition; "~ no template control.

and furthermore, RNA transcripts for both PCNA and MCP were
detected. The lack of DNA pol and helicase transcripts indicates
that a specific mechanism of Cu inhibition was at play. DNA pol
and helicase are both associated with DNA synthesis and replica-
tion, hence it appears that Cu disrupted virus replication within
the host cell, although further work is needed to identify whether
this is a result of exposure of the virus to elevated free Cu within
the host cell or in the media prior to entry into the host. How-
ever since neither MCP or PCNA are affected, we hypothesize that
virion assembly, DNA repair, and other cellular functions associ-
ated with PCNA were not regulated at the transcriptional level by
Cu. Thus, despite being involved in DNA replication and repair,
viral PCNA was not regulated in the same way as dedicated DNA
replicative enzymes, DNA pol, and helicase. It is interesting to note
that both DNA pol and helicase encode for magnesium contain-
ing proteins, while PCNA and MCP do not, although whether
this factor might influence the inhibition of transcription of the
associated RNA is unclear. Intracellular free Cu concentrations
in eukaryotes and prokaryotes are generally thought to be tightly
controlled, with Cu being buffered within the cell by thiols and
chaperoned into Cu containing enzymes (Robinson and Winge,
2010; Rae et al., 1999). The intravirion behavior of metals how-
ever is less well known, but our studies indicate that EhV86 may
be less able to regulate Cu. Previous studies on the effects of Cu
on the transcriptional control of genes have indicated regulation
of Cu is achieved by modulating the transcription of genes encod-
ing proteins directly involved in Cu binding. Transcription of the
Ctr1/3 and Frel genes are regulated by the DNA-binding protein
Macl (Yamaguchi-Iwai et al., 1997). During Cu starvation, Macl
binds to DNA initiating transcription. However, in Cu replete con-
ditions, Jensen and Winge (1998) demonstrated that Cu ions bind
to the protein, initiating a conformational change which inhibits
transcription. Transcriptional regulation of these Cu uptake genes
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FIGURE 5 | Schematic of the interactive effect of Cu on the infection
cycle of EhV86. (A) Simplified schematic of the normal infection cycle of
EhV86 (after Mackinder et al., 2009). The virion particle (blue hexagon)
enters the cell and targets the nucleus where it releases the viral genome.
Viral genes are transcribed (red) first by host RNA polymerase in the
nucleus and then by viral RNA polymerase in the cytoplasm. Virus DNA
replication (orange) also takes place in the nucleus, while the capsid is
assembled in the cytoplasm and released via a budding mechanism.

Cu2+

Cellular glutathione (GSH) increases (green arrow) as a result of reactive
oxygen species generation, which occurs during capsid assembly. (B)
Copper down-regulates (green arrow) the infection cycle prior to capsid
assembly via transcriptional control of specific viral RNA. Cellular
phytochelatin concentrations (PCs) increase in response to elevated
copper concentrations, but GSH concentrations are similar to those in
uninfected cells as capsid assembly is highly reduced. The ultimate result
is a reduction in virus production.

has therefore been linked directly to cellular Cu concentrations
(Graden and Winge, 1997).

The second observed effect of Cu in our study was on par-
ticulate GSH concentrations, which were similar to controls in
infected E. huxleyi cells in the presence of Cu, but increased in
E. huxleyi cells undergoing lysis, even when the concentrations of
phytochelatins were higher (Figure 3). These results indicate that
GSH, known to mitigate against ROS, is produced by the host when
the virus replicates probably as a result of the viral induction of
the hosts ceramide and apoptosis pathways (Schwarz, 1996; Stohs
etal., 2001; Wilson et al., 2005; Bidle et al., 2007; Vardi et al., 2009).
Moreover, GSH can also directly interfere with virus replication,
mainly at the late stages of virion assembly (Palamara et al., 1995).
Therefore, in our Cu exposed virus treatments, GSH production
decreased when compared to virus treatments because the virus
was unable to complete its replication and infection cycle and GSH
was thus not induced to the same extent in the host.

To the authors knowledge, this is the first report of an inter-
action occurring between metals, virus, and host in a marine
system. We have identified a specific interaction between Cu, E.
huxleyi and its virus EhV86, however, further work is necessary
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