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Abstract

Copper nutrition is essential for the growth of marine diatoms, especially under Fe-
limiting conditions. I investigated the physiology of Cu in marine phytoplankton by
studying how the Fe and Cu availability interact and control Cu uptake and demand. I
used short-lived Cu radioisotopes to determine the Cu requirements and steady-state Cu
transport rates (pssCu) of ten species from three classes of marine phytoplankton, isolated
from coastal and oceanic environments. I also determined the Cu uptake kinetics of two
marine centric diatoms (Thalassiosira oceanica and T. pseudonana) grown under various
Fe and Cu conditions (sufficient and limiting). Furthermore, putative genes encoding
potential components of Cu transport and homeostasis were identified in 7. pseudonana,
and their expression was investigated. Copper had significant effects on growth rates and
pssCu of the oceanic phytoplankton, but not the coastal strains. Although Cu quotas (Cu:C)
were not significantly higher in oceanic strains, there were five independent lines of
evidence supporting a more important role of Cu in the physiology of oceanic
phytoplankton. Distinct biphasic Cu transport rates as a function of Cu concentrations
were observed in the centric diatoms, Thalassiosira oceanica and T. pseudonana,
suggesting the presence of a high- and a low-affinity Cu transport system. The high-
affinity Cu transport system followed Michaelis-Menten saturation kinetics, but was
controlled differently by Fe and/or Cu availability. A strong interaction between Fe and
Cu nutrition in controlling the expression of genes encoding Cu transport and
homeostasis was observed. Most genes, including putative Cu transporters (CTR), Cu
transporting P-type ATPases, Cu chaperones and putative Zn transporters in 7.
pseudonana were up-regulated by low Fe, while low Cu either had no effect or the effect
was dependent on Fe availability. These results suggest a complex interaction between
Cu and Fe response networks. The function of a putative Cu transporter (CTR) in T.
pseudonana was examined using functional complementation of Saccharomyces
cerevisiae ctrl Actr3Amutant. Though the results were inconclusive, various explanations
for these findings were discussed. This thesis highlights a complex interaction between

Fe and Cu nutrition in marine phytoplankton at the protein and gene expression level.
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Chapter 1

Introduction



1.1 Marine phytoplankton and primary production

Marine phytoplankton are single-celled algae that inhabit in the sunlit layers of the ocean.
They are the main primary producers of the sea and constitute the base of most marine
food webs. Phytoplankton account for approximately half of the global biospheric net
primary production (Falkowski 1994, Field et al. 1998). They provide food for animals at
all trophic levels from tiny zooplankton, like protozoa, to the largest marine mammals,
like blue whales. Moreover, through the process of photosynthesis, phytoplankton take up
inorganic carbon and dissolved nutrients, such as phosphate and nitrate, and convert these
into organic material. When phytoplankton die, they sink as whole cells or aggregates, or
they are eaten by zooplankton and sink as zooplankton fecal pellets. Part of this sink
carbon can be remineralized and re-used by phytoplankton, but a large fraction of fixed
carbon sediments to the seafloor. It is estimated that 45 gigatons of organic carbon are
produced by phytoplankton and 16 gigatons are lost to the sediments each year
(Falkowski et al 1998). Carbon is thus effectively removed by phytoplankton from the
ocean—atmosphere climate system. This “biological pump” by which the ocean sequesters
carbon plays a central role in the global carbon cycle. Thereby, phytoplankton
productivity has a significant impact on the atmosphere, the marine biogeochemical C

cycle and the global climate.

Phytoplankton growth is greatly influenced by the physical and chemical environment,
e.g. light, temperature, turbulence and nutrients. Changes in nutrient availability will
affect phytoplankton biomass, physiology, and community composition. In general,
phytoplankton need macro-nutrients in a well defined stoichiometric ratio (Carbon:
Nitrogen: Phosphorus = 106:16:1, Redfield et al. 1963). They also need small amounts of
micro-nutrients (such as Fe, Zn, Cu, Mn and Ni) for growth. If an essential nutrient is
available at a limiting concentration and all other required nutrients are at adequate
concentrations, then phytoplankton growth and primary production will be controlled by

the bioavailability of the limiting nutrient.



1.2 Trace metal nutrition of phytoplankton

Trace metals (Fe, Mn, Zn, Co, Cu, Ni, Se and Mo) are very important nutrients for
phytoplankton growth. The availability of trace elements can influence the abundance
and succession of phytoplankton at both limiting (Martin et al. 1988) and toxic
concentrations (Brand et al. 1986). Trace metals play critical roles in many metabolic
pathways, such as photosynthesis, respiration and the assimilation of macronutrients.
They may also affect the composition of phytoplankton communities because of the large
differences in trace metal requirements among phytoplankton phyla and even among
species of the same genera isolated from different environments (Brand et al.1983, Sunda
and Huntsman 1995a, Crawford et al. 2003). The metal assimilation pathways of
phytoplankton are regulated by metal supply and demand. When metal availability does
not meet the requirement, adaptive cellular mechanisms for metal uptake and distribution
come into play (Morel et al. 2003). When metal concentrations are too high, the activity
of the free metal may be lowered by the production of metal chelating agents

intracellularly (Ahner and Morel 1995) and/or extracellularly (Croot et al. 2000).

Among micronutrients, Fe is needed in the greatest amount in most phytoplankton (Ho et
al. 2003). Due to its redox properties, Fe is a component of many enzymes and electron
transferring proteins involved in photosynthesis and respiration, as well as other
biological reactions such as assimilation of nitrate, and detoxification of oxygen radicals

(See Morel et al. 1991, Geider and LaRoche 1994, Raven et al. 1999 for reviews).

Iron is abundant in the earth’s crust, but its stable oxidation state is the ferric ion (Fe®"),
which is insoluble in seawater. In the surface oceans, the main sources of Fe are aeolian
and riverine inputs, as well as upwelling from deep waters (Coale et al. 1996a, Johnson et
al. 1997, Wu and Luther 1996, Duce and Tindale 1991, Lam and Bishop 2008). Thus, the
dissolved Fe concentrations in coastal areas are higher (100 to 1000 fold) than those in
the open ocean due to the proximity to land and the physical processes associated with

coastal regions (e.g. coastal upwelling and river inputs etc.) (Sunda and Huntsman,



1995a). In addition, the speciation of dissolved Fe in seawater is an important
determinant of its bioavailability, since inorganic Fe is readily available to phytoplankton.
However, most of the dissolved Fe (>99%) in surface waters is bound to strong organic
complexes (Rue and Bruland 1995, Wu and Luther, 1995). In the open ocean, the mean
dissolved Fe concentration is 70 pM (Johnson et al. 1997). However, due to organic
complexation, the resulting inorganic dissolved Fe concentration is 0.7 pM, too low to
support phytoplankton growth of even the smallest phytoplankton. Iron-enrichment
experiments in bottle incubations (Martin et al. 1989, Boyd et al. 1996) and in mesoscale
enrichment experiments (Martin et al. 1994, Coale et al. 1996b, Boyd et al. 2000, Gervais
et al. 2002) have shown that Fe limits marine algal growth and that Fe additions result in
macronutrient consumption and increased photosynthetic biomass. At present, it is
believed that marine primary productivity is limited by extremely low dissolved Fe
concentrations in at least 30% of the world oceans (Bruland and Lohan, 2003); including
the subarctic Pacific, the equatorial Pacific and the Southern ocean (Martin and Fitzwater
1988, Coale et al. 1996a, 1996b, Boyd et al. 2000, Tsuda et al. 2003). In response to Fe
limitation, phytoplankton may 1) decrease their size, 2) lower their Fe requirements
and/or 3) perform rapid sequestration of Fe from the environment (Ryther and Kramer
1961, Brand et al. 1983, Sunda et al. 1991, Sunda and Hustman 1995a, Maldonado and
Price 1996, Hudson and Morel, 1990, Strzepek and Harrison, 2004). Two of these

adaptations (2 & 3) involve Cu, another essential micronutrient for phytoplankton.
1.3 Cellular Cu requirements of phytoplankton

Copper has two oxidation states, Cu” and Cu®’. These two states make Cu a valuable
cellular constituent. Cu performs an important role in respiration as a co-factor of
cytochrome c oxidase. It is also an important component of the photosynthetic apparatus
in freshwater green algae (Merchant and Bogorad, 1986) and in some marine diatoms
(Peers and Price 2006). In the freshwater green alga Chlamydomonas, the Cu-containing
enzyme plastocyanin accounts for at least half of the intracellular Cu in this organism

(Merchant et al. 2006). The expression of plastocyanin is inhibited under low Cu, when

4



instead its Fe containing replacement, cytochrome c, is induced (Merchant et al. 1991, Li
and Merchant, 1995). The involvement of plastocyanin in the photosynthetic apparatus of
marine eukaryotic phytoplankton was recently discovered in an oceanic diatom,
Thalassiosira oceanica (Peers and Price, 2006). The Cu replacement for Fe containing
enzymes decreases intracellular Fe requirements, and may explain the success of oceanic
phytoplankton in open ocean waters where Fe concentrations are too low to support
phytoplankton growth of coastal species. However, whether the use of plastocyanin is

common in other oceanic phytoplankton is still unknown.

Copper is also involved in the high-affinity Fe transport system of some Fe-limited
diatoms (Maldonado and Price 1999 & 2001), as previously demonstrated in the yeast
Saccharomyces cerevisiae (Askwith et al. 1994) and the green alga Chlamydomonas
reinhardtii (La Fontaine et al. 2002). This uptake system allows phytoplankton to access
the greatest pool of dissolved Fe, organically bound Fe. In this high-affinity Fe uptake
system, extracellular Fe’" is reduced to the more-soluble Fe** by reductases embedded in
the cell’s plasma membrane (Maldonado and Price, 2000 & 2001). The activity of these
reductases result in the dissociation of Fe*" from the ligand, as the vast majority of these
organic ligands have a much higher affinity for Fe’" than Fe’". Multi-Cu containing
oxidases oxidize Fe*" back to Fe’" before it reacts with the Fe transporter (Maldonado et
al. 2006). The transcription level of the putative gene encoding the multi-Cu containing
oxidase increases by 60-fold when the coastal diatom Thalassiosira pseudonana is
cultured in Fe-deplete medium (Maldonado et al. 2006). The reduction and oxidation
steps impart high specificity to the high-affinity Fe transport system. Iron limitation thus
likely increases the need for Cu in phytoplankton.

These described Cu uses (replacing Fe with Cu in some metabolic functions, and the role
of Cu in the high-affinity Fe transport system) in marine diatoms imply a link between Fe
and Cu nutrition, and suggest that Cu is important for the growth of Fe-limited and/or
oceanic phytoplankton (Peers et al. 2005, Wells et al. 2005, Maldonado et al. 2006 and

Annett et al, 2008). However, the interaction between Cu and Fe, at a physiological and



molecular level, when phytoplankton are grown with limiting Fe and/or Cu levels, is not

well documented.
1.4 Copper in the ocean

Copper is supplied to the surface oceans from aerosol deposition, upwelling, riverine and
anthropogenic inputs (Nriagu 1979, Bashkin 2002). The total dissolved Cu concentration
in non-polluted seawaters ranges from 0.5 to 6 nM, with an average concentration of 4
nM (Millero 2006, page 91). The concentration of Cu tends to increase slightly from open
oceans to coastal waters (Boyle et al. 1981, Van der Loeff et al. 1997). The total Cu
concentration in surface-water of the open ocean is ~1 nM (Bruland and Lohan, 2003),
and that of non-polluted coastal waters is ~4-6 nM (Moffett et al, 1997). Moreover, recent
laboratory experiments demonstrate that the growth of some oceanic diatoms is reduced
when Cu levels are between 1-5 nM (pCu 14.5 to 15) (Peers and Price 2005, Annett et al.

2008) suggesting that Cu availability in the open ocean may be limiting at times.

In seawater, dissolved Cu can exist in several forms: free Cu®", inorganic complexes and
organic complexes. Several investigations in the open ocean of the Atlantic showed that
in surface waters Cu combines with organic ligands (Sunda and Ferguson 1983, Huizenga
and Kester 1983, van den Berg 1984, Kramer 1986). Furthermore, up to 99.8% of Cu®"
was bound to strong class organic ligands (L1) in non-polluted coastal waters (e.g. San
Francisco Bay, reviewed by Buck et al, 2007) and the open ocean of the Northeast Pacific
(Coale and Bruland 1988, 1990), so that free Cu®" concentration is greatly reduced. A
recent study in the subarctic NW Pacific and the Bering Sea (Moffet and Dupont 2007)
indicates that Cu is strongly complexed and that the free Cu>” concentrations in these
surface waters are 2-4 x 10"* M (pCu 13.7 to 13.4). The combined evidence indicates
that in the ocean the vast majority of dissolved Cu is bound to very strong organic ligands.
Indeed, the Cu-binding ligands include two distinct classes: L1 and L2, with high (Log
K'=12-14) and low (Log K'=9-12) conditional stability constant, respectively (Coale and
Bruland 1988, 1990, Van den Berg et al. 1987). However, their sources and structures



are still unclear.

Copper is considered toxic and can damage the cell when intracellular Cu content is
excessive (Brand et al. 1986, Ruter et al. 1979 and Sunda and Huntsman 1998a). For
example, the growth rate of many dinoflagellates and cyanobacteria is inhibited when
free Cu concentrations are higher than 10! mol L™ (Brand et al. 1986). In addition, Cu
can induce antagonistic effects on the uptake of other essential micronutrients (e.g. Mn*"
and Zn’"). In response to Cu stress, some phytoplankton are known to release
extracellular Cu-binding ligands. Marine Synechococcus cyanobacteria produce strong
ligands with high conditional stability constants in the range of those of L1 ligands
(Moffett et al. 1990, Moffett and Brand 1996, Gordon et al. 1996, Wiramanaden et al.
2008), while some eukaryotic phytoplankton are known to release Cu-binding ligands
with low conditional stability constants in the range of those of L2 ligands (Gledhill et al.
1999, Moffett & Brand 1996, Croot et al. 2000). However, whether phytoplankton are

also able to produce and release organic complexes in response to low Cu is unknown.

1.5 The effects of Fe and Cu availability on phytoplankton

trace metal stoichiometry

Earth’s atmospheric oxygen originated from photosynthesis (Cloud 1973, Walker et al.
1983), starting to accumulate in the atmosphere by ~ 2.32 billion years ago (Bekker et al,
2004). This oxygenation of the Earth’s atmosphere changed the redox state of the metals
in the oceans (Zerkle et al, 2006). As a result, abundant Fe?" oxidized to Fe’", becoming
more insoluble, and thus less abundant in seawater. In contrast, in oxygenated seawater,
Cu was released from particulates (e.g. CuS) and became more soluble. Thus, in the
Archean ocean, while Fe was more abundant (~1x10™* M) Cu was more scarce (~1x107%
M) (Saito et al, 2003). This contrasts with the modern ocean where Cu concentrations
(higher than 1x10”° M) exceed those of Fe (lower than 1x10° M) in open ocean waters

(Figure 1.1).
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The bioavailability of metal elements in the local environment of an organism influences
the selection of a trace element in the active site of an enzyme, as postulated by Da Silva
and Williams (Da Silva and Williams, 1991, p. 9-10). The atmospheric oxygen evolution
has affected the choice of metals used in the photosynthetic electron transport chain; one
example is the Cu-containing plastocyanin versus the Fe-containing equivalent,
cytochrome c¢. Indeed, the availability of Fe and Cu regulates the expression of these two
proteins in many cyanobacteria and chlorophytes (Wood 1978, Sandmann et al., 1983,
Merchant 1998). In the anaerobic Archean ocean, when Cu concentration was low and
that of Fe was higher, the utilization of Fe in electron-transfer reactions was favored, thus
cytochrome c¢ evolved. Later on, when Cu availability increased, plastocyanin was
favored to ferry electrons from the cytochrome bg/f complex to Py (see review of Raven

et al. 1999, Palenik et al. 2003).

Differences in trace elemental stoichiometries among phytoplankton phyla reflect
environmental selection pressures on components of the photosynthetic apparatus where
metal substitutions are possible (Quigg et al. 2003). Phytoplankton phyla evolved at
different geological times: prokaryotic cyanobacteria originated in the Archean ocean
(~2750 Myr), and eukaryotic algae originated in the Palaeozoic (~1000 Myr) and the
Modern oceans (from ~540 to ~120 Myr). In the modern ocean, cyanobacteria are the
vast majority of phytoplankton and are very sensitive to high levels of Cu in the
environment (Brand et al. 1986, Ahner et al. 1997, Mann et al. 2002). This may be due to
their origin in the Archean ocean, when Cu concentrations were extremely low. To deal
with the relatively higher Cu levels in the modern ocean, cyanobacteria have developed
the ability to produce strong organic ligands to bind high dissolved Cu, and reduce its
toxicity (Moffett and Brand 1997, Moffett 1995). A systematic difference in the trace
metal stoichiometries between phytoplankton with chlorophyll a/b antennas
(chlorophytes and prasinophytes) and those with chlorophyll a/c antennas was observed
(Quigg et al. 2003). Marine phytoplankton with chlorophyll a/c antennas (diatoms,
dinoflagellates, haptophytes) have relatively higher Mn, Co and Cd quotas (metal:P ratio)



and lower Fe, Zn and Cu quotas compared to those with chlorophyll a/b antennas,
suggesting a critical role of the environmental changes arising from the redox state of the
ocean on the trace element requirement of phytoplankton with different acquired plastids
(Quigg et al. 2003). In addition, the availabilities of many micronutrients (e.g. Fe and Cu)
are relatively lower in oceanic than in coastal waters. Indeed, pronounced differences
exist between the trace metal requirements of coastal and oceanic isolates of the same
genera, emphasizing a significant habitat effect (Sunda and Huntsman 1995b, Maldonado

and Price 1996, Annett et al. 2009).
1.6 Copper uptake Kkinetics

Numerous studies have focused on the toxicity of Cu in marine phytoplankton (Rueter et
al., 1979, Brand et al. 1986, Pistocchi et al. 1997 and Miao et al., 2005), but only few
studies have examined the kinetics of Cu uptake (Chang and Reinfelder 2000, Croot et al.
2003 and Quigg et al., 2006). Moreover, little information exists linking Cu uptake
kinetics of phytoplankton to limiting Fe and Cu levels.

In contrast, many studies have investigated Cu uptake kinetics and transport in yeast and
freshwater algae. In yeast Saccharomyces cerevisiae, Cu uptake is mediated by either a
high- or a low-affinity system, depending on Cu availability. High affinity Cu uptake is
specific for Cu’ over other metal ions (Dancis et al. 1994a and Lin and Kosman 1990).
The half-saturation constant (K,) of this high-affinity Cu uptake system is about 1-4 uM
dissolved Cu in yeast (Dancis et al. 1994a, De Rome and Gadd 1987, Lin and Kosman
1990). In the freshwater microalgae Scenedesmus subspicatus, Cu uptake is also mediated
by two systems: a high-affinity (K,;=0.07 pM free [Cu®"]) and a low-affinity system
(Kn=2.8 pM free [Cu®']) (Knauer et al. 1997). In contrast, in Chlamydomonas, the Ky,
was invariant (0.2uM, dissolved Cu), but the maximum rate of Cu uptake (Viax) achieved
by the cells was 20 fold faster in Cu deficient than in Cu sufficient conditions (Hill et al,
1996). These parameters suggested that the same transporter operates in both Cu-replete

and Cu-deficient condition, but the number of Cu transporters at the cell surface is higher

10



under Cu-deficient conditions.

So far, marine phytoplankton studies have shown that Cu uptake in some marine
phytoplankton under non-Cu limited conditions is determined by the activity of the free
metal ion and follows Michaelis—Menten kinetics (Sunda and Huntsman, 1995b, and
Croot et al. 2003). For example, under high Cu level, the marine blue-green alga
Synechococcus (WH1708) and the dinoflagellate Amphidnium carterae have similar half
saturation constants (Ky,) for transport (15.8 pM and 3.9 pM for free Cu’", repectively)
(Croot et al., 2003). These K., values are similar to that of the low-affinity transport
system of the freshwater microalgae S. subspicatus (Knauer et al. 1997). This is not
surprising, since the cultures were not Cu limited and thus only the low-affinity Cu
uptake system should be active. So far, no kinetic studies have focused on the mechanism
of Cu acquisition by marine phytoplankton when Cu is limiting. Thus, we do not know

whether a high-affinity Cu transport system exists in marine phytoplankton.

The free ion uptake model suggests that metal uptake in phytoplankton is determined by
the activity of the free metal ion and not by the total complexed metal concentration
(Sunda 1994). However, whether phytoplankton can access Cu bound to strong organic
ligands is not known. The process of uptake of a trace metal from the environment is
comprised of three steps: diffusion of metal ions from the bulk solution to the cell surface;
metal ion binding with transporters on the cell membrane; and internalization into the
cells by transporters (Morel 1983, Campbell 1995). In the free ion uptake model, it is
assumed that the limiting step is the metal ion transport across the cell membrane but not
the ion concentration in the bulk solution. However, when the metal ion concentration is
low, such as the Fe concentration in most open oceans, the metal ion diffusion from the
bulk solution to the cell surface becomes the limiting step. It has been shown that marine
phytoplankton can reductively release and acquire Fe from organic Fe complexes
(Maldonado and Price, 2001). In addition, it has been demonstrated that cupric reductase
activity exists at the cell surface of marine phytoplankton (Jones et al., 1987), and some

studies hint that organically bound Cu may be bioavailable (Quigg et al, 2006, Annett et
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al. 2008, Semeniuk et al. 2009). Thus phytoplankton may use organically complexed Cu
in a similar manner to that of Fe. Some phytoplankton can release extracellular ligands to
bind Cu. The cyanobacterium Synechococcus can produce a strong Cu complexing ligand
to relieve Cu toxicity when ambient free Cu concentration is high (Moffett and Brand
1996). Dunaliella sp. and T. pseudonana can produce glutathione (GLO, GSH) inside the
cell when exposed to steady-state high concentration of Cu (Ahner et al. 2002). Moreover,
the cocolithophore Emiliania huxleyi can release glutathione and other thiol-containing
compounds in response to Cu additions (Leal et al. 1999, Dupont and Ahner 2005). These
thiols may be the pools of Cu binding ligands which exist in the surface ocean (Le Gall &
van den Berg 1998, Leal et al. 1999, Tang et al. 2000, and Ross et al. 2003), and thus,
when Cu is low, the Cu within these complexes might be accessible to phytoplankton in

need of Cu.

1.7 Molecular components and regulation of Cu acquisition

and homeostasis

At the molecular level, very little information is available on Cu acquisition and
homeostasis in marine phytoplankton (Davis et al. 2006). In contrast, a wealth of
information exists for organisms such as yeasts, humans and plants. In the high-affinity
uptake system of the yeast S. cerevisiae (Figure 1.2a), Cu is reduced from Cu** to Cu* by
the plasma membrane reductase FRE1 (Hassett and Kosman, 1995), which also functions
in Fe transport (Georgatsou et al, 1997). After the Cu is reduced, Cu' is taken up by Cu
transport proteins (Ctrlp and Ctr3p) which are encoded by the CTR1 and CTR3 genes
(Dancis et al. 1994b, Labbe et al. 1997 and Pena et al. 2000). The expression of these
genes is regulated by intracellular Cu concentration. When Cu is replete, the expression
of CTR1, CTR3, and FREI is inhibited (Dancis, et al. 1994a, Hassett and Kosman 1995
and Labbe et al. 1997), and Cu uptake occurs via the low-affinity system, through the
transporters encoded by CTR2, FET4, and SMF1 (Kampfenkel et al. 1995, Hassett et al.
2000 and Liu et al. 1997).
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Inside the yeast cell, Cu is delivered to specific destinations by Cu chaperones (Figure
1.2a), including a) Atx1p and Ccc2p which deliver Cu to Fet3p, the multicopper oxidase
required for the high-affinity Fe transport system (Lin et al. 1997, Pufahl et al. 1997); b)
Cox17p which is required for Cu delivery to mitochondrial cytochrome c oxidase
(Glerum et al. 1996) and c) Ccslp which targets Cu to Cu/Zn superoxide dismutase, a
primary antioxidant enzyme in the cytosol (Culotta et al. 1997). Maclp, a Cu-responsive
transcriptional activator in S. cerevisiae, down-regulates the high-affinity Cu uptake
transporters when Cu levels are elevated (Pena et al. 1998) and activates the expression of
the Cu transport genes CTR1, CTR3 and FREI when intracellular Cu levels decrease
(Georgatsou et al. 1997).

The homologs of these components were found in Arabidopsis and Chlamydomonas
(Table 1.1). In addition, Cu is transported into the chloroplast by a Cu-transport P-type
ATPase in plants and some algae (Figure 1.2b). PAA1 and PAA2 are P-type ATPase Cu
transporters in Arabidopsis. PAA1 localizes to the chloroplast periphery and PAA2
localizes to the thylakoid membranes (Abdel-Ghany et al. 2005). However, so far,
homologs of all these components have not been studied in marine phytoplankton. For
Cu-induced response at the transcript level there is only one genomic study on the marine
diatom 7. pseudonana grown under Cu replete and toxic conditions (Davis et al., 2006).
In response to elevated Cu concentrations, 11 novel Cu-induced genes were identified,
but the function of these genes is not clear; the suggestive roles of many predicted amino
acid sequences are in ameliorating Cu toxicity (Davis et al., 2006). The mechanisms for
Cu acquisition, distribution, storage and regulation in marine phytoplankton are just

beginning to be investigated.
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Figure 1.2 A model for Cu uptake and distribution in S. cerevisiae (a) and in chloroplasts
of Arabidopsis (b) (Redrawn from Puig and Thiele 2002, Rutherford and Bird 2004, Puig et
al. 2007).
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Table 1.1 Summary of Cu transporters, Cu chaperones and their targets in three model

eukaryotic organisms.

Saccharomyces Arabidopsis ~ Chlamydomonas
Transporter on plasma membrane ScCTR1 and 3 AtCOPT1 CrCTR1 and 2
Chaperone for mitochondrion ScCOX17 ArCOX17 CrCOX17
Target in mitochondrion Cyt-c Oxidase Cyt-c Oxidase  Cyt-c Oxidase
Chaperone for golgi ScATX1 AtCCH CrATX1
Transporter on golgi ScCCC2 AfRANI CrCTP1
Target in golgi ScFET3 AtETR1 CrFox1
Chaperone for cytosol Cu/Zn-SOD  ScLYS7 (ScCCS) AtCCSl1 ?
Transport into chloroplast N/A APAA1/2 CrCTP2 and 3
Target in chloroplast N/A Plastocyanin Plastocyanin

Cu/Zn-SOD
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1.8 Thesis objectives

Until recently, the vast majority of studies investigating the effects of Cu on
phytoplankton have focused on its toxicity. Less attention has been paid to Cu as an
essential micronutrient for phytoplankton. In the last 5 years, the importance of Cu for
phytoplankton metabolism has become apparent, especially for phytoplankton in the open
ocean and those experiencing Fe limitation. The overall goal of my dissertation is to
further our understanding of the mechanisms of Cu acquisition and homeostasis in marine
eukaryotic phytoplankton. Given the interaction between Fe and Cu nutrition, I have
studied how both Fe and/or Cu availability (at optimal and limiting levels) control these

mechanisms.

More specifically, in this thesis I investigated the role of Fe and/or Cu availability in
controlling a) growth rates and Cu stoichiometry of diverse marine phytoplankton
(Chapter 2), and b) Cu uptake kinetics of marine diatoms (Chapter 3). In addition, using
the genome of the recently sequenced marine diatom, Thalassiosira pseudonana, 1
identified and characterized the genes encoding the potential components of Cu transport

and homeostasis in diatoms (Chapter 4 and 5).

In Chapter 2, I investigated the growth rates, Cu:C ratios and steady-state Cu uptake rates
of 10 phytoplankton species from three phyla and two oceanic provenances (coastal and
oceanic) under optimal and limiting Fe and/or Cu concentrations. The study hypotheses
were that a) the Cu requirements of Fe-limited phytoplankton are higher than those of Fe-
sufficient ones; b) oceanic phytoplankton have higher Cu requirements than coastal
strains; and c¢) the Cu requirements of phytoplankton from different phyla differ greatly

and reflect whether they belong to the green or red lineage.

In Chapter 3, using the radiotracer °’Cu, I measured Cu uptake rates under different Cu

concentrations for the marine diatoms 7. oceanica, an oceanic isolate, and 7. pseudonana,
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a coastal strain. The diatoms were grown under optimal or low Fe and/or Cu conditions.
These data were used to determine Cu uptake kinetics (the K;, and Vi, values) to
elucidate Cu transport systems in these organisms. My hypotheses were a) there is a high-
and a low-affinity Cu uptake system in marine phytoplankton when Cu is low and high,
respectively; b) distinct Cu uptake systems operate in oceanic and coastal diatom; c) the
Cu within organic Cu-complexes is available for uptake by marine diatoms; and d) low

Fe availability enhances Cu transport rate.

My final objective was to investigate the components of Cu acquisition and homeostasis
mechanisms in a marine diatom, as well as their regulation and function under various Fe
and/or Cu concentrations. In Chapter 4, 11 genes encoding Cu and Zn transporters, as
well as Cu chaperones were identified, including two putative high-affinity Cu transport
CTR genes (TpCTR|24275 and TpCTR|9391). The expression at the transcription level of
these 11 genes, and five genes encoding the components of the high-affinity Fe transport

system, were studied in response to changes of Fe and/or Cu concentrations.

In Chapter 5, I tested the functional complementation of Saccharomyces cerevisiae
ctridctr34 double-mutant strain (MPY'17) by expression of 7. pseudonana CTRs in order
to test the true function of these putative high-affinity Cu transport CTR diatom genes. |
assessed the ability of 7pCTR|24275 and TpCTR|9391 to complement the inability of S.
cerevisiae mutant MPY'17 cells to grow on non-fermentable carbon sources due to their

high-affinity Cu transport deficiency.
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Chapter 2

The effects of iron and copper availability on the copper

stoichiometry of marine phytoplankton
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2.1 Introduction

Copper (Cu) is a required redox element in enzymes involved in various metabolic
pathways, such as respiration (e.g. cytochrome oxidase) in phytoplankton (see reviews by
Raven et al. 1999, and Merchant et al. 2006). Copper is also needed for the oxidation of
organic nitrogen (Palenik et al. 1988-1989) and the detoxification of superoxide radicals
using a Cu/Zn superoxide dismutase in some phytoplankton (Chadd et al. 1996). Most
recently, Cu has been established as an important micro-nutritent for iron-limited green
algae and marine diatoms (La Fontaine et al. 2002, Peers et al. 2005, Maldonado et al.
20006). This finding is important because 30% of the global ocean is iron (Fe) limited. In
Fe limited waters phytoplankton still divide at ~ 0.3 d” (Welschmeyer et al. 1991), and
thus must have evolved either a unique mechanism of Fe uptake and/or a lower Fe
demand for growth (Sunda and Huntsman 1995a, Maldonado and Price 1996). The
involvement of Cu in the photosynthetic apparatus was recently discovered in the oceanic
diatom Thalassiosira oceanica Hasle. In this organism, the Cu-containing enzyme
plastocyanin replaces the Fe-containing enzyme cytochrome c¢ in photosynthesis (Peers
and Price 2006). The replacement of Fe-containing enzymes with Cu-containing enzymes
may explain the success of oceanic phytoplankton in open ocean waters where Fe

concentrations are too low to support growth of coastal phytoplankton.

The involvement of Cu in the high-affinity Fe transport system of some marine diatoms
may also increase their demand for Cu (Maldonado et al. 2006). Some marine diatoms
up-regulate a high-affinity Fe uptake system in order to acquire enough Fe for growth
under Fe limiting conditions (Maldonado and Price 1999, 2001). The Fe transport system
in diatoms is similar to that of the yeast Saccharomyces cerevisiae (Askwith et al. 1994)
and the green algae Chlamydomonas reinhardtii P.A.D angeard (La Fontaine et al. 2002).
During uptake, phytoplankton release the Fe from organic complexes by enzymatically
reducing Fe*™ to Fe*" (Maldonado and Price 2001, Shaked et al. 2005). Before the
reduced Fe”" is transported into the cell, a multi-Cu containing oxidase oxidizes Fe*" back

to Fe*" before being internalized. Thus, Fe limitation may increase the need for Cu in
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phytoplankton (Maldonado et al. 2006). The interaction between Fe and Cu nutrition has
only been studied in marine diatoms (Peers et al. 2005, Wells et al. 2005, Maldonado et al.
2006, Annett et al. 2008, Semeniuk et al. 2009). Measurements of intracellular Cu levels
and steady-state Cu uptake rates (pssCu) indicated that oceanic diatoms have higher Cu
quotas than coastal species, and that in some cases, Fe limitation imparted a higher
cellular Cu demand (Annett et al. 2008). Beyond the work cited above, the Cu
requirements and pgCu of diverse phytoplankton grown under different Fe and/or Cu

level are still unknown.

In the present study, we investigated the growth rates, cellular Cu:C ratios (using “’Cu
and '*C) and psCu of 10 species of marine phytoplankton grown under different Fe
and/or Cu level. Since previous studies have indicated that trace metal stoichiometry
differs significantly among taxa (Ho et al. 2003, Quigg et al. 2003, Saito et al. 2003), we
chose phytoplankton species that are abundant in the sea and represent three different
phyla. Given that oceanic and coastal diatoms have different Fe and Cu requirements
(Peers et al. 2005, Maldonado et al. 2006, Annett et al. 2008), we also chose pairs of
phytoplankton from coastal and oceanic environments. Using linear mixed-effect model
statistical analyses, this study allows us to establish the effect of phylum, regime (coastal
vs. oceanic), and/or environmental conditions (Fe and Cu) on the growth rates, Cu quotas
and pgCu of these marine phytoplankton. We combined our new results with recently
published measurements (Annett et al. 2008) so that a total of four phyla and 12 species,

from coastal and oceanic environment, were compared statistically.
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2.2 Materials and methods

2.2.1 Studied organisms and culture manipulations

Ten phytoplankton species from three phyla (Table 2.1) were cultured in this study.
Cultures were obtained from Bigelow Laboratory for Ocean Sciences (CCMP), West
Boothbay Harbor, ME, USA, and the Canadian Center for the Culture of Microorganisms
(CCCM), Vancouver, BC, Canada. These cultures were assigned a coastal or oceanic
provenance according to their geographic location of isolation (Table 2.1). Despite the
fact that our ‘Sargasso Sea’ Synechococcus isolate (WH7803; also called NEPCC549,
DC2, CCMP1334) has a low phycourobilin to phycoerythrobilin chromophore ratio
(PUB/PEB ~0.4, Toledo et al. 1999), which is typical of coastal strains, similar strains
have been shown to dominate in open ocean blooms (Campbell and Carpenter 1987,
Morel 1997, Coble et al. 2004). In addition, our growth rate data suggest that this strain
behaves more like an oceanic than a coastal Synechococcus, at least in terms of the
effects of Cu and/or Fe limitation (see results below). Thus, Synechococcus sp. WH7803

was assigned an oceanic provenance.

Phytoplankton were cultured in 28 mL polycarbonate tubes in the well-defined artificial
seawater medium-AQUIL (Price et al. 1989) with different Fe and Cu concentrations
(Table 2). The AQUIL medium was prepared and was identical in chemical composition
to that described by Maldonado et al. (2006). Cultures were kept in exponential growth
phase using semi-continuous batch cultures and a 24 hour light regime. The eukaryotic
phytoplankton were grown under 19+1°C and a saturating light intensity of 150 umol
quanta - m™~ - s™', while the Synechococcus strains were grown under 24°C and 50 pmol
quanta - m™ - s, Due to their distinct pigments, the cultures of the oceanic
Synechococcus strain (WH7803) were pink, while those of the coastal strain were green.

Sterile, trace metal-clean techniques were used throughout all the experiments.
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Table 2.1 Species name, taxa, clone, isolation site, oceanic provenance and cell diameter (um) of the marine phytoplankton

used in this study. Data for 7. oceanica and T. pseudonana are from Annett et al. 2008.

Species Class Clone Isolation location Provenance Diameter (um)
Synechococcus sp. Cyanophyceae WH7803 Sargasso Sea oceanic 1-3
Synechococcus lividus Copeland Cyanophyceae NEPCC 550 Brazil coastal 1-3
Phaeocystis pouchetii (Hariot) Lagerheim Prymnesiophyceae NEPCC 225 49°52'N 142°40'W oceanic 2.5-6
Phaeocystis cordata A. Zingone & M. J. Chrétiennot-Dinet Prymnesiophyceae CCMP 2495 Gulf of Naples, Mediterranean Sea coastal 3-5
Emiliania huxleyi (Lohmann) W. W. Hay & H. P. Mohler Prymnesiophyceae NEPCC 732a Station Papa, Subarctic Pacific oceanic 6-12
Emiliania huxleyi (Lohmann) W. W. Hay & H. P. Mohler Prymnesiophyceae NEPCC646 Oslo Fjord, Norway coastal 3-6
Chrysochromulina polylepis Manton & Parke Prymnesiophyceae NEPCC 242 49°36'N 140°37'W oceanic 2.5-6
Chrysochromulina Kappa Parke & Manton Prymnesiophyceae CCMP 288 Gulf of Maine, North Atlantic coastal 3-6
Prorocentrum dentatum Stein Dinophyceae CCMP1517 South Pacific oceanic 8-17
Prorocentrum minimum (Pavillard) J. Schiller Dinophyceae NEPCC 541 Great South Bay, NY coastal 6-16
Thalassiosira oceanica Hasle® Bacillariophyceae CCMP1003 Sargasso Sea oceanic 5-8
Thalassiosira pseudonana Hasle & Heimdal * Bacillariophyceae 3H, NEPCC 58 Moriches Bay, NY coastal 3-6
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2.2.2 Growth parameter measurements

Cells were acclimated to 4 or 6 different Fe and/or Cu culture conditions, depending on
the species (Table 2.2). To monitor the growth of the cultures, in vivo fluorescence was
measured daily with a Turner 10-AU Fluorometer (Turner Designs, Sunnyvale, CA,
USA). Natural logarithm of fluorescence versus time was used to calculate specific
growth rate (d™"). Cultures were considered acclimated to specific Fe and Cu levels when
the growth rates in five successive transfers varied by less than 15% (Brand et al. 1981).
The culture cell density and diameter (um) of the eukaryotic phytoplankton for each
treatment were determined on live samples using a Coulter Z2 Particle Count and Size
Analyzer (Beckman Coulter Inc., Brea, CA, USA). The cell surface area and volume

were calculated assuming a spherical cell shape.

Table 2.2 Tron and copper additions to culture media. The Fe and Cu contamination in
our media was ~1 nM (Maldonado et al. 2006). The metals were added bound to 100 uM
EDTA. MINEQL +4.61 (Environmental Research Software) was used to calculate free

metal concentrations (pMe = - log [Me"'])

Treatment [Fetotal] (PFe) [Cuotal] (PCu)

Replete 1.37 uM (19) 10.2 nM (14)

Low 12.50M (21) 1.96 nM (15)
Low 228 nM (22)
No addition 1.0 nM* (22.3)

 from Fe contamination
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2.2.3 Cu:C ratio determinations

Two radioactive tracers (°’Cu and "*C) were used to determine the cellular Cu and C
concentration in phytoplankton during mid-exponential phase of growth. The carrier-free,
gamma-emitting radionuclide ®’Cu, with a half-life of 62 hours, was produced at the MDS
Nordion site on the Tri-University Meson Facility campus (TRIUMF) in Vancouver. “’Cu
additions to the medium were precomplexed with EDTA (10 nM) for >30 min to avoid
metal precipitation or major variation in free ion concentrations in the growth media. The
precomplexed radioactive ’“CuEDTA addition (0.08-0.16 MBq - L™ ®’Cu) and '*C (0.74
MBq - L' H"CO;) were added to the media when cultures were in mid-exponential phase.
After the radioactive tracers were added, duplicate initial samples (1 mL) of the culture
medium were taken to determine the specific activity of these two radioactive isotopes
(e.g. MBq ®’Cu / [Cu]io)). Phytoplankton were cultured for 24-48 hours in the
radioactive media. The cells were then filtered onto polycarbonate Poretics filters of
either 0.8, 2.0, or 3.0 um porosity, depending on their cell size. The filtered cells were
first soaked for 5 minutes with 5 mL of 1 mM diethylenetriaminepentaacetic acid (DTPA)
solution (dissolved in sterile synthetic ocean water, pH adjusted to 8.14; Croot et al. 1999)
to bind the extracellular adsorbed *’Cu and then rinsed with 5 mL synthetic ocean water
(SOW). The filters with radioactive cells were then placed in scintillation vials and Cu
activity was first measured in a PerkinElmer 1480 WIZARD 3> Gamma Counter
(PerkinElmer Inc., Waltham, MA, USA), followed by an immediate addition of
scintillation cocktail. After the ©’Cu had decayed (~3 weeks), '*C activities were

measured in a scintillation counter (Beckman—Coulter LS 6500, Beckman Counter, Inc.
Brea, CA, USA). Culture samples (1 mL) fixed with Lugol’s solution were also taken to

determine the cell density at the time of harvest.

The cellular Cu (uM) and C (M) concentrations were determined using appropriate
specific activities and the radioactivity on the filters where the cells were collected. In the
calculation, growth rate and incubation time were incorporated according to the method

of Morel (1987), given that the cultures did not undergo eight cell divisions in radioactive
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media and thus were not uniformly labeled. For these experiments, at least triplicate
cultures were used for each treatment. These data allowed us to calculate Cu:C ratios, Cu
steady-state uptake rates (ps-Cu, mol Cu - pm™ - d™") and Cu use efficiencies (mol

C - pmol Cu™ - d™). The pg-Cu were calculated from cellular Cu (mol Cu - cell™), cell
surface area (um™) and specific growth rate (d™), according to Morel (1987). The Cu use

efficiencies of low Cu cultures were calculated from Cu:C and specific growth rate.
2.2.4 Statistical analyses

Software SigmaStat 3.5 and SYSTAT, version 12 (Systat Software, Inc. San Jose, CA,
USA), were used for all statistical analyses. Two-way ANOVA was used to analyze the
differences between treatment means within each species. Linear mixed-effect model
(Glantz and Slinker 2001) was used to examine group-wide trends. The data from this
study and data from two diatoms (Thalassiosira oceanica and T. pseudonana 3H) from
our research group (Annett et al. 2008) were included in this group-wide analysis. Thus,
12 species from four phyla were statistically compared. In this mixed-effect model,
growth rates, Cu:C ratios and steady-state Cu uptake rates were analyzed as continuous
dependent variables. Copper level (pCul4 vs. pCul5), Fe level (pFel9 vs. pFe21),
species regime (coastal vs. oceanic), and species phylum (4 phyla) were analyzed as fixed
effects (Table 2.5). The random effect in this mixed-effect model was species, since all

species studied here were chosen randomly among many isolates.

2.3 Results

2.3.1 Effect of Fe and Cu on growth rate and cell size

The growth rates (d") and the cell diameters (um) of 10 phytoplankton species grown

under different Fe and Cu treatments (Table 2.3, Figure 2.1) were determined. In general,
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the availability of Fe had a greater effect on their growth rates and cell size than the
availability of Cu. Two-way ANOVA statistical analysis indicated that Fe level had a
significant effect (p<0.001, Table 2.3, 2.4) on the growth rates of all tested phytoplankton,
except for the coastal strain of Emiliania huxleyi. The reduction in growth rates under
low Fe ranged from 13% to 61% (Table 2.3). Low Fe availability (pFe21) reduced the
growth rate of the coastal strain of Synechococcus to a greater extent than that of the
Sargasso Sea strain (57-59% vs. 30-44%, respectively). A similar trend was also
observed for the two strains of Phaeocystis (21-42% for coastal strain vs. 16-18% for
oceanic strain). Only when the Fe concentration was decreased to pFe22, was the growth
rate of the oceanic Phaeocystis reduced significantly (23-46%). Surprisingly, the
opposite Fe effect was observed on the strains of Prorocentrum, Emiliania and
Chrysochromulina, in which more growth rate reduction was observed in the oceanic
strains (59-61%, 28-30% and 23-31%, respectively) than in the coastal strains (13-29%,
0-6% and 0-25%, respectively). Moreover, the coastal strain of E. huxleyi was able to
maintain maximum growth rates even in the absence of a Fe addition to the medium.
When all species, including the diatoms from Annett et al. (2008), were analyzed as a
group by the mixed-effect model, Fe availability and regime had a significant interaction
on the growth rates (Fe x Regime effect, p = 0.001, Table 2.5). Thus, coastal and oceanic
phytoplankton groups exhibited significantly different growth response to Fe availability.

The mixed-effect model indicated that the growth response of the 4 phytoplankton phyla
was significantly different for Fe availability (Fe x Phylum effect, p < 0.001 vs. Cu x
Phylum effect, p = 0.864, Table 2.4). Regardless of Cu concentration, Prymnesiophyceae
exhibited a lower average growth rate reduction (16%) in response to low Fe (pFe21)

than didCyanophyceae (48%), Dinophyceae (41%) or Bacillariophyceae (22%).

The availability of Cu in the medium had less of an effect on phytoplankton growth rates
than that of Fe. Two-way ANOVA statistical analysis indicated that low Cu availability
reduced the growth rates of five species out of the ten studied: the Sargasso Sea

Synechococcus sp. (WH7803), the coastal and oceanic Phaeocystis species, as well as the
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coastal Emiliania and Prorocentrum (Table 2.4), reducing their growth rate between 17%
to 44% when Cu level decreased from pCul4 to pCul5 at all Fe levels (Table 2.3). When
the diatoms data (Annett et al. 2008) are included, the mixed-effect model showed that
the Cu effect on growth rates was significant only for the oceanic group (Cu effect, p =
0.002, Table 2.5). In contrast to Fe, no clear phylogenetic trends were found for the

growth response to various Cu levels in the medium.

There was also a statistically significant interaction between Fe and Cu on the growth of
two Phaeocystis species (Table 2.4), where the Cu effect depended on the medium Fe
level. Low Cu reduced the growth rate of the oceanic strain P. pouchetii (32% reduction)
when Fe was limited, but reduced the growth rate of the coastal strain P. cordata (44%)

when Fe was sufficient (Table 2.3).

As for the effects of Fe and Cu on the cell size, Fe level had significant effect on most
species except for Phaeocystis pouchetii, P. cordata and Chrysochromulina kappa, while

Cu level had no obvious effect on cell size (Table 2.3).
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Table 2.3 Growth rates (d') and cell diameter (um) of marine phytoplankton grown under different Fe and Cu levels. Data

are presented as mean = SD. The percent reductions in growth rates are those calculated from Fe-sufficient to low Fe media

with the same Cu level, and from Cu-sufficient to low Cu media with same Fe level. ** (P <0.001) and * (P < 0.05) denotes

the statistically slower growth rates in Fe and/or Cu limited cultures by the 2-way ANOVA (Pairwise Multiple Comparison

Procedures, Holm-Sidak method).

% Reduction

% Reduction

% Reduction % Reduction

Species Growth Rate Species
pFe_pCu Cell diameter pFe_pCu Growth Rate Cell diameter
-1
(Oceanic) (d™) (n) from Fe from Cu (um) (m) (Coastal) (d”) (m) from Fe from Cu (um) (n)
sufficient sufficient sufficient sufficient
Synechococcus sp. WH7803 19 14 1.05+0.15 (19) Synechococcus lividus 19 14 1.55+£0.19 (19)
19_15 1.02+0.15 (16) 3 19_15 1.64+0.18 (20) -6
21_14 0.73+0.09 (9) 30%* 21_14 0.66+0.15 (18) 57**
21_15 0.57+0.13 (8) 44%* 22% 21_15 0.68+0.14 (14) 59%* -2
Phaeocystis pouchetii 19 14 0.94+0.07 (17) 4.340.03 (3) Phaeocystis cordata 19 14 0.43+0.08 (11) 3.5+0.02 (3)
19 15 0.90+0.08 (18) 4 4.1£0.04 (3) 19 15 0.24+0.05 (8) 44 3.5+0.03 (4)
21_14 0.77+0.08 (18) 18%* 3.840.13 (4) 21_14 0.25+0.04 (8) 42%* 3.440.02 (4)
21_15 0.76+0.08 (17) 16%* 1 3.840.15 (4) 21_15 0.19+0.01 (7) 21 25 3.3£0.08 (4)
22 14 0.72+0.10 (18) 23%* 4.1+0.07 (4)
22 15 0.49+0.06 (11) 46** 32%* 4.0+0.09 (4)
Emiliania huxleyi 19 14 0.39+0.06 (11) 10.1+0.04 (4) Emiliania huxleyi 19 14 0.64+0.07 (13) 4.5£0.03 (3)
19_15 0.37+0.05 (10) 5 10.4+0.04 (4) 19_15 0.53+0.05 (9) 17 * 4.5+0.05 (3)
21_14 0.28+0.08 (8) 28%* 8.5+£0.09 (4) 21_14 0.68+0.10 (11) -6 4.4+0.01 (3)
21_15 0.26+0.05 (8) 30%* 7 9.1£0.06 (4) 21_15 0.50+0.13 (8) 6 25%%* 4.1+0.06 (3)
223 14 0.65£0.07 (11) -2 3.8+0.01 (4)
22315  0.54+0.07 (12) -2 17 * 3.6+0.08 (3)
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% Reduction

% Reduction

% Reduction % Reduction

Species Growth Rate Species
pFe pCu Cell diameter pFe pCu Grov-vlth Rate Cell diameter
. 1 from Fe from Cu (nm) (m) (d) () from Fe from Cu (nm) (m)
(Oceanic) @) m sufficient sufficient (Coastal) sufficient sufficient
Chrysochromulina polylepis 19 14 0.92+0.07 (19) 4.4+0.02 (3) Chrysochromulina kappa 19 14 0.82+0.08 (12) 4.4+0.03 (3)
19 15 0.94+0.06 (19) -2 4.3£0.02 (3) 19_15 0.81+0.07 (12) 2 4.4+0.00 (3)
21 14 0.74+0.08 (19) 19%* 3.7+£0.21 (4) 21 14 0.82+0.04 (11) 0 4.4+0.03 (3)
21 15 0.75+0.13 (16) 20%* -2 3.7+0.03 (4) 2115 0.81+0.07 (12) 0 1 4.4+0.03 (3)
22 14 0.7140.13 (15) 23%* 3.740.14 (4) 223 14 0.71£0.09 (12) 13%%* 4.1+0.03 (4)
22 15 0.65+0.13 (10) 3H* 8 3.440.04 (4) 223 15  0.61£0.14 (11) 25%* 13%* 3.840.02 (4)
Prorocentrum dentatum 19 14 0.34+0.08 (7) 10.5+0.26 (3) Prorocentrum minimum 19 14 0.31£0.04 (10) 10.3+0.05 (4)
19 15 0.28+0.14 (7) 18 11.1+0.10 (4) 19_15 0.31£0.04 (12) 0 10.4£0.11 (4)
21 14 0.14+0.03 (7) 59%* 8.51+0.09 (4) 21 14 0.274£0.03 (11) 13*
21_15 0.11£0.02 (7) 61%* 25 9.16+0.06 (4) 21_15 0.22+0.06 (10) 20%* 18%*
Thalassiosira oceanica® 19 14 1.16+0.25 (43) Thalassiosira pseudonana® 19 14 2.03+0.42 (87)
19 15 1.13+0.22 (32) 2.9 19_15 1.97+0.45 (96) 3.6
20.5 14 1.18+0.26 (38) -1.8 20.5 14 1.26+0.38 (92) 38%*
20.5 15 0.96+0.22 (49) 14* 18%* 20.5 15  1.26+0.34 (91) 38** -0.22
21.5_14 0.72+0.08 (16) 38%*
21.5_15 0.68+0.12 (13) 40%* 5.5

ddata from Annett et al. 2008
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Figure 2.1 Growth rates (d) of oceanic and coastal phytoplankton grown under
different Fe and/or Cu levels (pFe pCu). Species of upper level and lower level are
oceanic and coastal phytoplankton, respectively. Error bars denote standard deviation.

All data and statistical analyses of these data are presented in Table 2.3.
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Table 2.4 Statistical analyses (two-way ANOVA) of Fe effect, Cu effect, and Fe x Cu

interaction on growth rates, Cu:C and steady-state Cu uptake rates (p,Cu). All the Fe and

Cu treatments for each species were included in the analysis. Only significant effects are

listed (p<0.05). Negative effects are indicated with (-) symbol, otherwise the single

effects are positively correlated with the independent variable. Note that the diatom data

are not included here, but are reported in Annett et al. 2008 (see Table 2.4).

Species Growth rates Cu:C pssCu
Synechococcus sp. WH7803 (oceanic) Fe, Cu Cu N/A
Synechococcus lividus (coastal) Fe Fe(-), Cu N/A
Phaeocystis pouchetii (oceanic) Fe, Cu, FexCu Fe, Cu Fe
Phaeocystis cordata (coastal) Fe, Cu, FexCu Fe, Cu, FexCu Fe, Cu, FexCu
Emiliania huxleyi (oceanic) Fe Cu Cu
Emiliania huxleyi (coastal) Cu Cu Fe, Cu, FexCu
Chrysochromulina polylepis (oceanic)  Fe Cu, FexCu Fe, Cu
Chrysochromulina Kappa (coastal) Fe Fe(-), Cu, FexCu Cu
Prorocentrum dentatum (oceanic) Fe Cu Fe, Cu, FexCu
Prorocentrum minimum (coastal) Fe, Cu Fe, Cu Fe, Cu, FexCu
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Table 2.5 Results (p value) from the linear mixed-effect model statistical analyses on the growth rates, Cu quotas, and
steady-state Cu uptake rates (pi;Cu). The mixed-effect model included data for the four treatments (pFe 19 pCu 14;

pFel9 pCul5; pFe2l pCul4; pFe2l pCul5) that were common for all tested species, as well as the diatom data from Annett
et al. 2008. Three mixed-effect model analyses were run: 1) included all the species, 2) included only the coastal species, and

3) included only the oceanic species. Statistically significant results (o = 0.05) are given in bold.

Significance level

Effect Growth rate Cu:C Steady-state Cu uptake

All species Coastal Oceanic All species Coastal Oceanic All species  Coastal Oceanic
Fe <0.001 <0.001  <0.001 0.316 0.985  <0.001 0.318 0.049  <0.001
Cu 0.170 0.549 0.002 <0.001 <0.001 <0.001 <0.001 0.192 <0.001
Fe x Cu 0.447 0.895 0.118 0.106 0.835  <0.001 0.274 0.657 <0.001
Regime 0.945 0.391 0.499
Fe x Regime 0.001 0.252 0.074
Cu x Regime 0.380 <0.001 0.001
Fex Cu x Regime 0.151 0.516 0.614
Phylum 0.144 0.165 0.420 0.220 0.241 0.059 0.001 0.141 0.071
Fe x Phylum <0.001 <0.001  <0.001 0.329 0.503 0.032 0914 0.200  <0.001
Cu x Phylum 0.864 0.548 0.010 0.026 0.022  <0.001 <0.001 0.579  <0.001
Fe xCu x Phylum 0.831 0.854 0.038 0.116 0.644  <0.001 0.031 0297  <0.001
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2.3.2 Effect of Fe and Cu availability on Cu quotas

Cellular Cu:C ratios of experimental species varied from 0.04 to 3.8 pmol Cu - mol™ C
among all treatments (Table 2.6, Figure 2.2). Comparisons of the Cu quotas of
experimental species grown with sufficient Fe and Cu concentrations (pFel9 pCul4)
indicated that the Sargasso Sea cyanobacterium Synechococcus sp (WH7803) had the
highest Cu quotas (3.8 pmol Cu - mol'C) and the oceanic dinoflagellate Prorocentrum
had the lowest Cu quotas (0.36 pmol Cu - mol™C). The order from the highest to the
lowest Cu quotas for eukaryotic species was Phaeocystis (oceanic: 1.38 pmol Cu - mol™'C;
coastal: 2.94 pmol Cu - mol™'C), Chrysochromulina (oceanic: 1.1 pmol Cu - mol™'C;
coastal: 2.8 pmol Cu - mol'C), Emiliania (oceanic: 1.0 pmol Cu - mol™'C; coastal: 1.4
pmol Cu - mol'C) and Prorocentrum (oceanic: 0.36 pmol Cu - mol™C; coastal: 0.54

umol Cu - mol'C).

As observed for diatoms (Annett et al. 2008), we expected higher Cu:C ratios for the
oceanic than the coastal strains, when grown under Fe and Cu replete conditions.
However, no clear habitat trend was observed for the Cu quotas (Table 2.6). The oceanic
and coastal Emiliania had similar Cu quotas when grown under sufficient Fe/Cu
conditions. The Cu quotas of the coastal strains of Phaeocystis, Chrysochromulina and
Prorocentrum were ~2 times higher than those of the oceanic isolates. In contrast, the Cu
quota of the Sargasso Sea Synechococcus (WH7803) was 8 times higher than that of the

coastal isolate (S. lividus).

Copper levels had a significant effect (p <0.001) on the Cu quotas of all experimental
species (Table 2.4, and 2.6). When Cu concentration decreased from pCul4 to pCul5, the
Cu quotas decreased 1.2-25 fold, with an average reduction of 4.5 fold at all Fe levels.
The highest reduction in the Cu quota was observed in the oceanic Emiliania, while the
lowest reduction was observed in oceanic Phaeocystis (Table 2.6, Figure 2.2). The
mixed-effect model showed an interaction between Cu availability and regime on the

Cu:C ratios (Cu x Regime, p < 0.001, Table 2.5). Regardless of the Fe concentration,
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when the Cu concentration decreased the Cu:C ratios declined 5.5 fold, on average, for

the oceanic species and 3.8 fold, on average, for the coastal.

The mixed-effect model also revealed that Cu availability elicited a different response in
the four phyla (Cu % Phylum effect, p = 0.026, Table 2.5). Regardless of Fe
concentration (pFel9 and pFe21) and regime (oceanic and coastal), when the Cu
concentration decreased the reductions of the Cu:C by Cyanobacteriae and
Bacillariophyceae were 3.9 and 3.2 fold, respectively, and were lower than the reductions

by Prymnesiophyceae and Dinophyceae (5.3 and 5.0 fold, respectively).

The mixed-effect model indicated that Fe availability only had a significant effect on the
Cu:C ratios of the oceanic species group (Fe effect, p <0.001, for oceanic group; Table
2.5), but this Fe effect was also dependent on Cu availability (Fe x Cu effect, p < 0.001
for oceanic group, Table 2.5) and phylum (Fe x Phylum effect, p = 0.032 for the oceanic
group; Fe x Cu X Phylum effect, p < 0.001, for the oceanic group; Table 2.5). For
example, under high Cu conditions, the Cu:C ratios of oceanic Cyanophyceae,
Dinophyceae and Prymnesiophyceae did not change significantly when Fe concentration
decreased to pFe 21, while those of oceanic Bacillariophyceae increased 1.6 fold. In
contrast, under low Cu conditions, the Cu:C ratios of oceanic Prymnesiophyceae

increased 2.5 fold when the Fe concentration decreased (Table 2.6, Figure 2.2).
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Table 2.6 Cellular concentration of Cu (M) and C (M), and Cu:C (umol Cu - mol™ C) ratios of phytoplankton grown under

different Fe and/or Cu levels. All data are reported as mean = SD. Datas for 7. oceanica and T. pseudonana are cited from

Annett et al. 2008.

pFe pCu

Cellular Cu

Cellular C

pFe pCu

Cellular Cu

Cellular C

Species (Oceanic) (n) (LM) (M) Cu:C Species (Coastal) (n) (LM) (M) Cu:C
Synechococcus sp. WH7803 19 14 (4) 3.80+£0.35  Symechococcus lividus 19 14 (14) 0.45+0.09
19 154) 0.79+0.11 19 15 (10) 0.11+0.01
21 14 (4) 4.30+0.99 21 14 (7) 0.49+0.07
21 15(4) 0.98+0.14 21 15(3) 0.21+0.04
Phaeocystis pouchetii 19 14 (3) 24.9£10.6 17.9+0.83  1.38+0.54  Phaeocystis cordata 19 14 (3) 23.9+4.01 8.1+£0.11 2.94+0.50
19 15(3) 18.6+10.1 20.7£11.9  0.92+0.04 19 154) 5.84+0.96 8.2+1.55 0.71+0.12
21 14(4) 19.6+4.07 13.9£2.58  1.46+0.12 21 14 (4) 15.8+5.42 8.6+1.74 1.82+0.44
21 15(4) 14.9+£3.22 12.3£1.95  1.20+0.12 21 15(4) 3.2+0.80 7.1£1.70 0.45+0.06
22 14 (4) 6.3+£1.03 6.03+0.51  1.08+0.24
22 15 (4) 6.6+1.13 9.35¢2.52  0.73+0.09
Emiliania huxleyi 19 14 (4) 2.8+0.63 3.240.50  1.00£0.25 FEmiliania huxleyi 19 14 (3) 13.0+4.30 9.1£0.66 1.40+0.35
19 154) 0.2+0.03 5.0£1.20  0.04+0.00 19 15(3) 1.6+0.15 5.4+0.33 0.29+0.04
21 14 (4) 5.9+1.50 424120  1.50+0.62 21 14 (3) 14.0+0.62 10.0£0.88  1.40+0.11
21 15(4) 0.9+0.19 4.4+£1.20  0.21£0.03 21 15(3) 3.0+0.63 12.0£1.40  0.25+0.04
22.3 14 (4) 9.8+1.90 7.3£1.70 1.40+0.42
223 15(3) 1.9+0.34 4.8+0.93  0.41£0.15
Chrysochromulina polylepis 19 14 (3)  15.0£1.50 13.0£1.40  1.15£0.02  Chrysochromulina kappa 19 14 (3) 27.0£9.50 9.3+2.30 2.80+0.27
19 15(3) 12.0+£2.20 17.0£1.90 0.70+0.08 19 15(3) 9.3+1.90 8.4+0.82 1.10£0.13
21 14(4) 19.0+5.50 12.0£2.50  1.60+0.49 21 14 (3) 26.0+0.93 9.5+0.63 2.80+0.24
21 15(4) 12.0+£2.50 22.0£3.50  0.58+0.22 21 15(3) 8.9+0.92 7.5+0.97 1.10+0.16
22 14 (4) 9.7+1.00 7.940.60  1.23+0.05 22.3 14 (4) 32.0+£2.90 5.2+0.23 6.20+0.31
22 15(4) 8.442.60 7.142.20  1.20+0.16 22.3 15(4) 11.0+1.30 6.1+1.30 1.90+0.20
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. . pFe pCu  Cellular Cu Cellular C ) . pFe pCu Cellular Cu  Cellular C .
Species (Oceanic) (n) (LM) M) Cu:C Species (Coastal) (n) (LM) M) Cu:C
Prorocentrum dentatum 19 14 (3) 3.7+0.89 11£1.9 0.36+£0.17  Prorocentrum minimum 19 14 (4) 12.0£2.80 18.0£2.40  0.67+0.07
19 154) 0.8+0.33 7.242.00  0.11+0.01 19 15(4) 3.5+0.79 18.0£1.60  0.20+0.03
21 14 (4) 0.34+0.06 21 14 (4) 0.41+0.06
21 15(4) 0.11+0.01 21 15(4) 0.04+0.02
Thalassiosira oceanica 19 14 (4) 2.93+0.38  Thalassiosira pseudonana 19 14 (10) 1.88+0.77
19 15 (6) 0.94+0.51 19 15(8) 1.96+0.39
20.5 14 (3) 4.66+0.49 20.5 14 (8) 2.67+1.86
20.5 15(8) 0.64+0.17 20.5 15(10) 1.95+2.62
21.5 14 (6) 6.32+2.40
21.5 15(6) 0.73+0.41
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Figure 2.2 Cu:C ratios (umol Cu - mol™ C) of oceanic and coastal phytoplankton grown

under different Fe and/or Cu levels. The Fe and Cu levels (pFe pCu) are indicated on the

top, right corner of the graph. The Cu:C ratios of the Thalassiosira strains are those
reported in Annett et al. 2008. Error bar denote standard deviation of at least triplicate

cultures. Statistical analyses of these data are presented in Table 2.4 and 2.5.
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2.3.3 Effect of Fe and Cu availability on steady-state Cu uptake

Among the eight eukaryotic species we examined, oceanic Phaeocystis (P. pouchetii) had
the fastest Cu uptake rate (1.86x10%° mol Cu - pm™ - d™"), and oceanic Emiliania huxleyi
and Prorocentrum dentatum had the slowest Cu uptake rates (0.22 and 0.26 x 102’ mol
Cu - pm™ - d”, respectively) under Fe/Cu sufficient conditions (Table 2.7). Two Way
ANOVA analyses indicated that Fe and Cu availability had significant interactive effects
on pCu of most species (Table 2.4). When Fe levels decreased from pFe 19 to pFe2l,
most of the ps;Cu decreased, except for two E. huxleyi strains which kept the same ps;Cu
at high Cu but increased its psCu at low Cu. When the Cu concentration decreased from
pCul4 to pCuls, the psCu of experimental species decreased 1.4-22 fold (average 5.3
fold) under all Fe levels. The highest reduction was observed in oceanic E. huxleyi (22
fold). This Cu effect on the ps;Cu was also supported by the mixed-effect model when all
phytoplankton are treated as a group (Cu effect, p < 0.001, Table 2.5).

Similar trends to those observed for the Cu:C ratios were also revealed for piCu by the
mixed-effect model. For example, the ps;Cu of oceanic and coastal species had different
responses to Cu availability (Cu x Regime effect, p = 0.001, Table 2.5), whereby the
pssCu of oceanic species decreased to a greater extent than those of the coastals (~5.4 vs.
4.7 fold, respectively; Table 2.7). Moreover, in response to low Cu, the reduction of
pssCu by Prymnesiophyceae (11 fold) was higher than that by Dinophyceae (5.7 fold) and
Bacillariophyceae (3 fold) (Cu x phylum p <0.001, Table 2.5).
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Table 2.7 Steady-state Cu uptake rates (pssCu, X102’ mol Cu - um™ - d™") and Cu use efficiency (mol C - pmol Cu™ - d) of

phytoplankton grown under different Fe and/or Cu levels. All data are reported as mean + SD. Only the psCu of the coastal

Synechococcus (2.42 x 102 mol Cu pm™ d") under Fe/Cu sufficient conditions was calculated given that we determined its

cell density and size by flow-cytometry. Datas for 7. oceanica and T. pseudonana are cited from Annett et al. 2008.

Species (Oceanic) pFe pCu (n) pssCu . fCﬁléilé;iy Species (Coastal) pFe pCu (n) pssCu . fCﬁléilé;iy
Synechococcus sp. WH7803 Synechococcus lividus 19 14 (14) 2.42+0.60
19 15 (4) 1.54+0.36 19 15 (10) 13.6+2.07
21 15(4) 0.54+0.19 21 15(3) 3.14+0.59
Phaeocystis pouchetii 19 14 (3) 1.86+0.76 Phaeocystis cordata 19 14 (3) 0.54+0.07
19 15(3) 1.30+0.64 1.15+0.04 19 154) 0.10+0.01 0.40+0.06
21 14 (4) 1.08+0.19 21 14 (4) 0.23+0.06
21 15(4) 0.77+0.11 0.70+0.11 21 15(4) 0.03+0.01 0.41£0.05
22 14 (4) 0.34+0.11
22 15(4) 0.32+0.04 9.86+0.52
Emiliania huxleyi 19 14 (4) 0.22+0.08 Emiliania huxleyi 19 14 (3) 0.75+0.25
19 15 (4) 0.01+0.00 7.57+0.11 19 15(3) 0.06+0.01 1.824+0.29
21 14 (4) 0.29+0.08 21 14 (3) 0.74+0.03
21 15(4) 0.04+0.01 1.29+0.19 21 15(3) 0.14+0.03 2.81+0.61
22.3 14 (4) 0.43+0.09
22.3 15(3) 0.07+0.02 1.55+0.49
Chrysochromulina polylepis 19 14 (3) 1.12+0.06 Chrysochromulina kappa 19 14 (3) 1.72+0.54
19 15(3) 0.81£0.15 1.37+0.19 19 15(3) 0.60+0.09 0.82+0.16
21 14 (4) 0.98+0.32 21 14 (3) 1.58+0.18
21 15(4) 0.57+0.09 1.43+0.45 21 15(3) 0.60+0.06 0.86+0.12
22 14 (4) 0.52+0.02 22.3 14 (4) 1.4440.07
22 15 (4) 0.33+0.07 0.60+0.13 223 15(4) 0.37+0.02 0.28+0.01
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Species (Oceanic) pFe pCu (n) pssCu . f(:ﬁl(l:ilé;iy Species (Coastal) pFe pCu (n) pssCu . f(:ﬁl(l:ilé;iy
Prorocentrum dentatum 19 14 (3) 0.26+0.06 Prorocentrum minimum 19 14 (4) 0.73+0.17
19 154) 0.06+0.02 4.15+0.88 19 154) 0.22+0.06 1.89+0.27
21 14 (4) 0.05+0.02 21 14 (4) 0.10+0.04
21 15(4) 0.01£0.00 0.89+0.18 21 15(4) 0.01+0.00 4.78+£2.20
Thalassiosira oceanica 19 14 (4) 4.64+0.28 Thalassiosira pseudonana 19 14 (10) 2.92+0.29
19 15 (6) 1.27+0.32 1.20 19 15(8) 3.48+0.52 1.00
20.5 14 (3)  7.98+0.42 20.5 14 (8) 2.51+0.73
20.5 15(8)  1.26+0.10 1.51 20.5 15(10) 1.78+0.73 0.65
21.5 14(6) 6.60+0.72
21.5 15(6)  0.69+0.15 9.27
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2.3.4 Effect of Fe and Cu availability on Cu use efficiency

Given that phytoplankton may have luxury trace metal uptake under trace metal
sufficiency, we only calculated Cu use efficiency for the low Cu treatments. The highest
Cu use efficiency was observed for the coastal Synechococcus (13.6 mol C - pmol Cu

- d"), and the lowest for coastal Chrysochromulina kappa (0.28 mol C - pmol Cu™' - d™).
In general, for all species tested, the Cu use efficiency stayed the same or decreased with
Fe-limitation (pFel9 vs. 21). The exception was Prorocentrum minimum, whose Cu use

efficiency increased significantly ~ 2.5 fold (p < 0.05) when Fe was low (Table 2.7).

2.4 Discussion

2.4.1 The effect of Fe and Cu availability on the growth rate

Low Fe availability had a significant effect on phytoplankton growth rates. Moreover,
this effect was dependent on whether the strain was isolated from a coastal or an oceanic
environment and its taxonomic class. The Sargasso Sea Synechococcus and the oceanic
Phaeocystis were able to grow better than their coastal counterparts at the same low
concentration of Fe , indicating that these oceanic strains need less Fe concentrations for
growth. This trend is consistent with previous results (Brand 1991, Sunda et al. 1991,
Sunda and Huntsman 1995a, Maldonado et al. 2006, Annett et al. 2008). However, the
coastal strains of Prymnesiophyceae Emiliania, Chrysochromulina and Dinophyceae
Prorocentrum were able to maintain faster growth rates than the oceanic strains at similar
limiting Fe concentrations. At present, we are unable to explain these findings. In
addition, regardless of regime, Prymnesiophyceae strains exhibited less average reduction
(16%) in growth rate due to low Fe (pFe21) than did phytoplankton from Cyanophyceae
(48%), Dinophyceae (41%) and Bacillariophyceae (22%). This suggests that

Prymnesiophyceae require the least amount of Fe for growth, while Cyanophyceae and
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Dinophyceae require the most.

Lowering Cu levels had no obvious effect on the growth rates of all species when treated
as a group (Cu effect, p = 0.170, Table 2.5). However, it had a significant effect on the
growth rates of the oceanic strains (Cu effect, p = 0.002, Table 2.5), indicating that Cu
has an important physiological role in these oceanic phytoplankton. In addition, the effect
of low Cu on the growth of oceanic phytoplankton was dependant on Fe availability and
phylum (Fe x Cu x Phylum, p = 0.038 for oceanic group, Table 2.5). For example low Cu
significantly reduced the growth rate of the oceanic Cyanophyceae (22%) and
Bacillariophyceae (18%) when Fe was low (pFe21), but did not change the growth rate of
oceanic Dinophyceae and Prymnesiophyceae regardless of the Fe availability (pFel9 or
pFe21). Only when the Fe level decreased to pFe22, did the growth rate of the oceanic
Phaeocystis (Prymnesiophyceae) decrease by 32% at low Cu condition (Table 2.3).

These results suggest that the oceanic Phaeocystis and the Sargasso Sea Synechococcus
also require higher Cu concentrations for growth when Fe is low, as observed previously
in marine diatoms (Peers et al. 2005, Maldonado et al. 2006, Annett et al. 2008,
Semeniuk et al. 2009).

Interestingly, the coastal E. huxleyi was the most sensitive species to low Cu and the
least sensitive to low Fe. While this species maintained maximum growth rates even in
the absence of a Fe addition to the medium, it significantly decreased its growth rate
when Cu level was lowered—regardless of the Fe concentration. This indicates that Cu
has a particularly important role for the growth of this coastal strain of E. huxleyi.
Plastocyanin, a photosynthetic Cu-containing electron carrier, transfers electrons from
cytochrome bgf complex to the P700 reaction centre and has been found in plants, green
algae, some cyanobacteria and the oceanic diatom 7. oceanica (Boulter et al. 1977,
Sandmann et al. 1983, Laudenbach et al. 1990, Peers and Price 2006). It is encoded by
the gene petE. Two petE encoding ESTs (CX773129 and CX773088) have been found in
an oceanic strain of E. huxleyi CCMP371 (Nosenko et al. 2006). The genome of E.
huxleyi CCMP1516 (isolated 100 Km off shore from S. America) also encodes
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plastocyanin/azurin-like proteins and a Cu/Zn SOD
(http://genome.jgipsf.org/Emihul/Emihul.home.html). Copper may thus be required for
the photosynthetic apparatus and/or involved in the detoxification of superoxide radicals

in E. huxleyi.
2.4.2 Cellular Cu:C ratios

Cellular Cu quotas range from 0.36 to 3.8 pmol Cu - mol™ C in Fe/Cu sufficient cultures
(pFel9 pCul4, Table 2.6). These Cu:C ratios are in accord with previous studies of
diverse phytoplankton (0.74 to 9.93 umol Cu - mol™ C, calculated from measurements of
Cu:P and C:P, Ho et al. 2003), marine diatoms (0.58 to 4.3 pmol Cu - mol™ C, Sunda and
Huntsman 1995b, Annett et al. 2008) and Emiliana (1.3 to 2.4 umol Cu - mol™ C, Muggli
and Harrison 1996) (Table 2.8). In our study, the average Cu quotas of Bacillariophyceae,
Cyanophyceae, Prymnesiophyceae and Dinophyceae under Fe/Cu sufficient condition
were 2.41 +£0.74,2.13 £2.37, 1.78 £ 0.86 and 0.52 £+ 0.22 pmol Cu - mol™ C,
respectively (Table 2.8). This order, from high to low, is in disagreement with that found
in Ho et al. study (2003), where the average Cu quotas (Cu:C) of Dinophyceae (4.18 +
4.06 pmol Cu - mol" C) were higher than those of Bacillariophyceae (2.83 + 0.74 pmol
Cu - mol™ C) and Prymnesiophyceae (1.32 + 0.56 pmol Cu - mol™' C) under 20 nM total
Cu condition (pCu = 13.8).
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Table 2.8 Comparison of C-normalized copper quotas (Cu:C) of different phytoplankton

phyla in this study with values reported by Ho et al. (2003). The Cu:C ratios of Ho et al.

(2003) were calculated from the P-normalized Cu quotas (Cu:P) and P-normalized C

quotas (C:P) reported in Table 2 in Ho et al. (2003). The * indicates that the C data used

from Ho el al. (2003) are those of the HCI treated samples. R = red plastid superfamily,

G = green plastid superfamily.

Species IC:P o1 CIU:P I Ciu:C o1 (um(il%.r(rjlol'l)
(mol - mol™) (mmol -mol”) (umol - mol™) This study
Chlorophyceae (G)
Dunaliella tertiolecta 222 0.67 3.02
Nannochloris atomus 173 0.23 1.33
Mean = SD 198 + 35 0.45+0.31 217+ 1.19
Prasinophyceae (G)
Pyramimonas parkeae 209* 0.62 2.97
Pycnococcus provasoli 191 0.53 2.77
Tetraselmis sp. 199 0.51 2.56
Mean = SD 200+9 0.55+0.06 2.77+£0.20
Dinophyceae
Gymnodinium chlorophorum (G) 137 1.36 9.93
Prorocentrum mimimum (R) 135 0.28 2.07
Amphidinium carterae (R) 136 0.54 3.97
Thoracosphaera heimii (R) 81* 0.06 0.74
Mean + SD 122 £28 0.56 £0.24 4.18 £4.06 0.52+0.22
Prymesiophyceae (R)
Emiliania huxleyi 76%* 0.07 0.92
Gephyrocapsa oceanica 64* 0.11 1.72
Mean + SD 70+ 8 0.09 +0.03 1.32 +£0.56 1.78 £ 0.86
Bacillariophyceae (R)
Ditylum brightwellii 45 0.06 1.33
Thalassiosira weissflogii 86 0.17 1.98
Nitzschia brevirostris 42 0.18 4.29
Thalassiosira eccentrica 75 0.28 3.73
Mean + SD 62 £22 0.17 £0.09 2.83 £1.40 2.41+0.74
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Changes in ocean redox state have been suggested to have influenced trace metal
stoichiometry in marine phytoplankton (Quigg et al. 2003, Ho et al. 2003, and Saito et al.
2003). Differences in the Cu quotas of marine eukaryotic phytoplankton have been
observed between the red and the green plastid superfamilies, with the former having, in
general, lower Cu quotas than the latter (Quigg et al. 2003, Ho et al. 2003). In addition,
metal preferences (e.g. for Fe) and sensitivities (e.g. to Cu) of Cyanophyceae have been
suggested to reflect their evolution in an ancient sulfidic ocean, where the availability of
Fe was high and that of Cu was low (Saito et al. 2003). Our limited data set supports the
notion that Synechococcus spp. have relatively high Fe requirements, as the two
Synechococcus strains exhibited the greatest reduction in growth rates due to Fe
limitation. However, contrary to our expectation of high Cu sensitivities of
Synechococcus, we measured the highest Cu:C quotas in the Sargasso Sea Synechococcus
under optimal Fe and Cu conditions. In spite of these high Cu:C ratios, this strain
achieved fast growth rates (~ 1.0 '), suggesting that high intracellular Cu levels were
not detrimental for growth. These findings imply that this strain, which supposedly
evolved in a low Cu environment, is unaffected by the accumulation of high intracellular
Cu levels. Surprisingly, this strain was easily affected by Cu limitation when grown in
low Fe conditions. These results suggest that Synechococcus WH7803, has a high
demand for Cu, especially if experiencing Fe limitation. This is consistent with the
deeper water column niche of WH7803 (Campbell and Carpenter 1987), presumably
closer to the cuprocline, and the presence of genes encoding Cu/Zn superoxide dismutase
(SOD, NCBI-GI: 147847826), FeSOD (NCBI-GI:147848617), and multi-Cu containing
oxidases (MCO, NCBI-GI: 148239533) in its genome. Thus, when experiencing Fe
limitation the Cu requirement of the WH7803 strain might increase as it switches from

FeSOD to Cu/Zn SOD and increases its MCO activity to enhance Fe transport. The Cu
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demand of the model oceanic Synechococcus strains (WH8102) might be much lower, as
this strain lacks MCO and uses Ni SOD instead of Cu/ZnSOD (Palenik et al. 2003,
Dupont et al. 2008). Therefore, the high Cu demand under Fe limiting conditions
observed for our Sargasso Sea Synechococcus might not be a widespread physiological

characteristic of oceanic Synechococcus.

The Cu quotas of the Sargasso Sea Synechococcus were up to one order of magnitude
higher than those of the coastal strain (see Cu:C for both strains at pFel9 pCul4 and
pFe21 pCul4). This suggests that differing trace metal conditions in coastal and open
ocean environments might have mediated the retention and expression of genes (acquired
via lateral gene transfer) encoding distinct trace metal transport and homeostasis
mechanisms. These conclusions were first reached by genomic studies of the model
oceanic (WH8102) and coastal (CC9311) Synechococcus (Palenik et al. 2003, 2006),
demonstrating distinct genetic complements of metal-containing enzymes and
transporters. The low Cu:C quotas we observed in the coastal Synechococcus under
moderate Cu levels (pCul4), point towards efficient Cu detoxifying mechanisms, such as
cellular Cu efflux (Croot et al. 2003), and/or the production and release of strong organic
Cu ligands to lower the inorganic Cu concentration in seawater (Moffett and Brand,

1996).

Another important consideration is that apparent taxonomic patterns in trace metal quotas
may depend upon the element used as a proxy for phytoplankton biomass when
normalizing metal concentrations. To compare our Cu:C ratios to those presented in Ho
et al. (2003), we converted their Cu:P to Cu:C using the cellular concentrations of C

presented in Table 2.2 in Ho et al. (2003). The average carbon-normalized Cu quotas
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(Cu:C) of Chlorophyceae and Prasinophyceae, which belong to the green plastid
superfamily, are 2.17 + 1.19 and 2.77 + 0.20 umol Cu - mol™ C, respectively, while the
Cu:C ratios of Prymnesiophyceae and Bacillariophyceae, which belong to the red plastid
superfamily, are 1.32 + 0.56 and 2.83 + 1.40 umol Cu - mol™ C, respectively (Table 2.8).
These Cu:C ratios do not support Ho et al’s conclusion (2003) that systematic differences
in trace metal quotas (including Cu) exist between the green algae and that of
Prymnesiophyceae and Bacillariophyceae. In addition, the phylogenetic difference in Cu
requirements (Cu:P) between the red and green plastid superfamilies described by Quigg
et al. (2003) [0.512 vs. 0.194 mmol Cu:P for the green and the red plastid superfamily,
respectively (excluding the data for the green plastid dinoflagellate Gymnodinium
chlorophorum)] is not observed if the Cu quotas are normalized to C [2.53 vs. 2.3 umol
Cu - mol™ C for the green and the red plastid superfamily, respectively, Table 2.8]. Thus,
though phytoplankton trace metal concentrations are often normalized to cellular P
concentrations, using P as a biomass proxy is not ideal, given its plasticity (Sterner and
Elser 2002), and its tendency to adsorb to cell surfaces (Sanudo-Wilhelmy et al. 2004).
Similar conclusions were reached by Twining et al. 2004. These combined results
highlight the urgent need for a more consistent proxy for phytoplankton cellular biomass.
Given the interaction between trace metal geochemical cycles and the global C cycle, we

believe that using C as a proxy for phytoplankton biomass is most appropriate.

The replacement of Fe-containing catalysts with Cu-containing ones was hypothesized to
be a means to survive in the very low Fe concentration waters of the open ocean. This
was supported by the higher Cu quotas of oceanic diatoms relative to coastal diatoms
observed in a previous study (Annett et al. 2008). We thus hypothesized that this oceanic-

coastal trend might be observed in other phytoplankton taxa. However, our findings
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revealed that the geographical origin of the phytoplankton had no effect on their Cu:C

when all phytoplankton were treated as a group (regime effect, p = 0.200, Table 2.5).

Given the involvement of putative multi-Cu oxidases in the high-affinity Fe transport
systems of marine diatoms (Peers et al. 2005, Wells et al. 2005, Maldonado et al. 2006),
we also hypothesized that the Cu requirements of Fe-limited phytoplankton, across
different taxa, may be higher than those of Fe-sufficient ones. However, only the Cu
quotas of the coastal Synechococcus, and the coastal Chrysochromulina significantly
increased ~ 2-5 times when Fe was limiting (Table 2.6, and Table 2.4), suggesting that

the role for Cu in high-affinity Fe uptake system is not universal.
2.4.3 Steady-state Cu uptake rates

Under Fe/Cu sufficient conditions, the steady-state Cu uptake rates (pssCu) of the coastal
Synechococcus (2.42 x 10° mol Cu - um™ - d') were similar to those previously measured
(1.7 x 10*° mol Cu - um’2 - d!; calculated from 0.79 x 107" mol Cu - cell” - d, at
pCul2.6; Croot et al. 2003) for the Sargasso Sea Synechococcus (WH7803). Similarly,
the pssCu of the eukaryotic phytoplankton ranged from 0.22 to 1.86 x 102’ mol Cu - pm’
2. d" (Table 2.7), and were comparable to those previously published for marine diatoms
(0.9-5.62 x 10*° mol Cu - pm™ - d”', Annett et al. 2008). The order from the slowest to
the fastest pssCu of the eukaryotic phytoplankton was Dinophyceae, Prymnesiophyceae
and Bacillariophyceae (0.49, 1.04 and 3.78 x 10*° mol Cu - pm™ - d', respectively, Table
2.7), similar to the order of the Cu quotas under identical growth conditions (Fe and Cu
sufficiency, see previous section). The psCu of the Bacillariophyceae were ~ 3.6 and 7.7
times faster than those of Prymnesiophyceae and Dinophyceae under high Cu

concentration, and 5 and 17 fold faster under low Cu concentration. The fastest rates of
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Cu uptake by diatoms may be due to a higher density of Cu transporters at the cell

surface or a slower Cu efflux (Croot et al. 2003).

The mixed-effect model also indicated that the pssCu of the oceanic phytoplankton were
significantly affected by the Cu concentration in the media while those of the coastal
strains were not (Cu effect for oceanic group, p = 0.001; for coastal group, p =0.192;
Table 2.5). To further investigate these findings, the effects of varying Cu concentrations
and Fe-limited growth rates on the Cu:C and psCu were also examined. Biodilution
(Sunda and Huntsman 2000, Cullen et al. 2003) suggests that phytoplankton may
accumulate higher intracellular metal concentrations (eg. Cd) under Fe-limitation because
metal uptake rates are kept constant while growth rates are reduced. This biodilution
effect can be investigated using the equation Q = p / u, where Q is the cellular metal
quota (mol Cu mol C), p is the cellular uptake rate (mol Cumol C™' time '), and p is
the specific growth rate (time ). In our study, when Cu was replete (pCu 14), the average
reduction in growth rate as a result of Fe-limitation was 25% for the oceanic species
(Table 2.9). Therefore, the calculated, average increase in Cu:C quota due to biodilution
would be 34% for these strains, assuming constant Cu uptake rates. Thus, the observed
27% increase in the oceanics’ Cu:C ratios as a result of Fe-limitation can be entirely
accounted for by biodilution (34% for 27%, Table 2.9). However, when Cu was low (pCu
15), the observed, average 72% increase in Cu:C for the Fe-limited oceanic species can
not be fully accounted for by biodilution (expected increase in Cu:C ~ 45% vs. observed
increase in Cu:C ~ 72%). An additional increase in Cu uptake is needed (~ 30%) to
account for the total 72% increase observed in their Cu:C ratios. In support of this, we
observed 28% faster Cu uptake rates (pssCu) under Fe limitation for the oceanic strains

(Table 2.9). These results suggest that under Fe-limitation the slower growth rates and the
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faster Cu uptake rates contribute almost equally to the increase in Cu:C observed for the

oceanic phytoplankton grown at low Cu levels (pCu 15).

Table 2.9 The effects of Fe limitation on growth rate (), Cu:C ratios (both expected and
observed), and steady-state Cu uptake rates (pssCu) in oceanic and coastal phytoplankton
grown under replete (pCu 14) and low Cu (pCu 15) conditions. Calculation for expected
Cu:C were based on the equation Q = p / p where Q is the cellular metal quota (mol

Cu - mol C™), p is the cellular uptake rate (mol Cu - mol C™' - time™"), and p is the
specific growth rate (time ™), and assuming a constant cellular Cu uptake rate (see main
text for details). Data used for calculation were from Table 2.3, 2.6 and 2.7. Please note
that the pssCu in Table 2.7 were converted from mol Cu - um’z -d" to mol Cu - mol C’

. d"! for this calculation using data from Table 2.3 and 2.6.

Oceanic strains Coastal strains
Change due to Fe limitation
pCu=14 | pCu=15 | pCu=14 | pCu=15

Average reduction of growth rates

25% 31% 24% 25%
=1- (HpFeZl/ HpFel9)
Expected average increase in Cu:C

34% 45% 32% 34%
= (MpFelo/HpFezl) -1
Observed average increase in Cu:C

27% 72% No change | No change
=1- (QpFeZ]/ QpFe]9)
Observed change in psCu No 28% 23% 38%
=1— (pssCupre21/ pssCu prei9) change increase | reduction | reduction
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Interestingly, and regardless of pCu level (pCu 14 and 15), the coastal strains exhibited
identical Cu:C ratios for the Fe sufficient and Fe limited cultures (Table 2.9), even though
the slower growth rates under Fe-limitation (24% or 25%, Table 2.9) predicted a
biodilution-mediated increase in Cu:C (32 or 34%). This result suggests that the coastal
strains in order to keep constant Cu quotas under Fe limitation are either a) effluxing Cu
while keeping constant Cu uptake rates or b) acquiring Cu at a slower rate. Our results
support the latter, with the coastal strains exhibiting a decrease in Cu uptake rates under
Fe limitation of 23% and 38% for pCu of 14 and 15, respectively (Table 2.9). These
results highlight the contrasting physiological strategies of coastal and oceanic strains to
deal with varying concentrations of Cu and Fe in the ocean. They also suggest that
different Cu homeostasis mechanisms exist in coastal and oceanic phytoplankton and that
metal availability regulates differently the gene and/or protein expression of their Cu
acquisition mechanisms. Future studies are needed to elucidate these unique Cu uptake

and efflux strategies, at the gene and protein level.

The order of psCu for different eukaryotic phyla was also observed in the cellular Cu:C
ratios (Dinophyceae < Prymnesiophyceae < Bacillariophyceae). Moreover, the average
reduction in pgCu and the cellular Cu:C ratios in response to a decrease in Cu availability
is also similar. The average decrease in psCu and in cellular Cu:C is 5.3 and 4.5 fold,
respectively, matching the reduction in the total Cu (5 fold decrease between Cu-
sufficient and low-Cu treatment) but not in free Cu®" concentration (10 fold decrease) in
the media. This reduction is also consistent with other data from marine diatoms (4.2 vs.
4.1 fold, Annett et al. 2008). These results confirm previous conclusions that Cu
acquisition is controlled by the concentration of organically complexed Cu instead of free

Cu®*" (Hudson 1998, Quigg et al. 2006, Annett et al. 2008, Guo et al. 2010). In the study
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of Hudson (1998) and Quigg et al. (2006), the observed Cu uptake rates in diverse marine
phytoplankton were faster than the diffusive flux of inorganic Cu, indicating possible
availability of organically complexed Cu. In our more recent study on Cu uptake kinetics
(Guo et al. 2010), the short-term Cu uptake rates by diatoms, cultured in the presence of
EDTA, also indicated Cu acquisition from organic Cu complexes. It has been
demonstrated that cupric reductase activity exists at the cell surface of some marine
phytoplankton (Jones et al. 1987). Thus, Cu dissociation from organic ligands mediated
by cupric reductase may also be involved in Cu uptake by marine phytoplankton as
observed in other eukaryotes (Hill et al. 1996, Puig et al. 2007). Hence, total Cu

concentration in the sea may be a better indicator of Cu availability than free Cu®".

2.5 Conclusions

This study investigated the interaction between Fe and Cu nutrition in a diverse group of
phytoplankton [comprising 12 species, from 4 phyla and 2 marine environments (coastal
versus oceanic)] by examining growth rates, Cu:C quotas and steady-state Cu uptake
rates under various Fe/Cu conditions. Our results highlight a complex physiological
interaction between these two metals in marine phytoplankton. Nevertheless, the data
point to some interesting trends. Despite the fact that the Cu:C ratios do not support our
hypothesis of higher Cu requirements of oceanic species than coastal species, there are 5
independent lines of evidence supporting a more important role of Cu in the physiology
of the oceanic than coastal phytoplankton. The mixed-effect model, which also includes

the diatom data from Annett et al (2008), indicated that there was a significant Cu effect
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on the growth rates and steady-state Cu uptake rates of the oceanic strains only. In
addition, lowering the total Cu concentration in the media five fold decreased the Cu
quotas and steady-state Cu uptake rates of the oceanic strains to a greater extent (5.5 and
5.4 fold, respectively) than those of the coastals (3.8 and 4.7 fold, respectively). Fe
limitation had also only a significant effect on the Cu quotas of the oceanic strains, and a
significant interaction between Cu and Fe was only found for the Cu: C ratios and steady-
state Cu uptake rates of the oceanic strains. Thus, these combined findings suggest that

oceanic phytoplankton are more sensitive to low Cu availability than coastal strains.

As expected, low Cu concentrations significantly reduced the steady-state Cu uptake rates
and Cu:C quotas of most phytoplankton but these decreases matched the decline in total
Cu concentration, and not the free Cu%, in the growth media. However, contrary to our
predictions, in general, Fe limitation decreased the steady-state Cu uptake rates and Cu
use efficiency of most phytoplankton. Thus, our hypothesis that Cu plays a role in the
high-affinity Fe transport system of Fe limited phytoplankton is not supported by the data.
The only Cu quotas that were significantly increased under Fe limitation were those of

the coastal Synechococcus, the coastal Chrysochromulina strains (Table 2.6 and Table 2.4)
and the oceanic diatom, Thalassiosira oceanica 1003 (Table 2.6). Thus, the hypothesized

role of Cu in Fe transport may not be universal among Fe limited phytoplankton.

The phylogenetic trends were less evident than the oceanic-coastal trends suggesting that
availability of Fe and Cu in the modern ocean (coastal vs. oceanic environment) are a
strong determinant of the Cu stoichiometry of marine phytoplankton. The ten
phytoplankton studied here often appear as common and dominant species in the sea and

some are also harmful species (reviewed by Waterbury et al. 1986, Edvardsen and
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Paasche 1998, Hamm 2000, Paasche 2001, Heil et al. 2005). The findings in this study
are a first step towards understanding how the interaction between Fe and Cu availability

in the ocean control marine phytoplankton composition and productivity.
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Chapter 3

Copper uptake Kinetics of coastal and oceanic diatoms
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3.1 Introduction

Copper (Cu) is an essential micronutrient for phytoplankton and plays an important role
as a cofactor of electron-transfer proteins, such as cytochrome oxidase in the respiratory
chain reaction and superoxide dismutase in the detoxification of reactive oxygen species
(reviewed by Raven et al. 1999, Merchant et al. 2006). Most recently, Cu has been shown
to be involved in the high-affinity iron (Fe) transport system of coastal and oceanic
diatoms (Maldonado et al. 2006), as previously shown in Chlamydomonas and yeast
(Askwith et al. 1994, La Fontaine et al. 2002). In addition to these basic Cu demands of
marine diatoms, it has been demonstrated that oceanic diatoms have higher Cu
requirements than coastal strains, possibly due to the replacement of Fe-containing
enzymes by Cu-containing equivalents (Annett et al. 2008). For example, in
Thalassiosira oceanica, the Cu-containing enzyme plastocyanin—which is found in all
higher plants, green algae and some blue-green algae— replaces the Fe-containing
enzyme, cytochrome cg, in photosynthesis (Peers & Price 2006). This replacement lowers
Fe demand by 10%, and may partly explain the success of oceanic phytoplankton in open
ocean waters, where Fe concentrations are too low to support the growth of coastal
isolates (Peers & Price 2006). Conversely, Cu is considered toxic and can damage a cell
when the intracellular Cu content is excessive (Rueter et al. 1979, Moffett et al. 1997,
Sunda & Huntsman 1998c, Raven et al. 1999). Thus, the mechanisms of intracellular Cu
homeostasis—controlling Cu uptake, intracellular distribution, utilization, and
detoxification—have been the subject of considerable interest in yeast, higher plants, and
freshwater microalgae (Clemens 2001, Puig & Thiele 2002, Merchant et al. 2006). As of
yet, there is little information on the mechanisms of Cu internalization and homeostasis in

marine phytoplankton.
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As observed for other trace elements, the concentration of Cu in the sea tends to increase
from open ocean to coastal waters (Boyle et al. 1981, Rutgers van der Loeff et al. 1997).
Total dissolved Cu concentrations in non-polluted surface open ocean waters range from
0.5 to 6 nM, with an average concentration of 2 nM (Coale & Bruland 1988, Jickells &
Burton 1988, Moffett 1995, Rutgers van der Loeff et al. 1997, Moffett & Dupont 2007).
In comparison, Cu concentrations in coastal waters range from 2-150 nM (Sunda et al.
1990, Moffett et al. 1997, Buck et al. 2007) depending on varying degrees of
contamination by anthropogenic Cu sources. In natural seawater, dissolved Cu species
include free Cu”" ions, inorganic complexes, and organic Cu complexes, though organic
complexation dominates. Indeed, up to 99.8% of dissolved Cu is bound to the strong
organic ligand class (L1) in the open ocean (Coale & Bruland 1988, 1990) and in coastal
waters (Buck et al. 2007). In addition, changes in Cu speciation in coastal waters may be
observed seasonally due to variations in phytoplankton community composition (Croot
2003) or regionally due to the absence of strong organic ligands (Moffett et al. 1997).
Due to the difference in Cu concentrations in the open ocean and in coastal waters, Cu
uptake mechanisms of phytoplankton inhabiting these contrasting environments may also

vary.

Many studies have investigated Cu uptake kinetics and transport in yeast (reviewed by
Puig and Theile 2002, Kim et al. 2008) and freshwater green algae (reviewed by
Merchant et al. 2006). In yeast, high-affinity and low-affinity Cu transport systems have
been identified (Dancis et al. 1994a, Hassett et al. 2000). The high-affinity system is
energy dependent and specific for Cu” over other metal ions (Lin & Kosman 1990,
Dancis et al. 1994a); its K, is ~ 4 uM dissolved Cu (DeRome & Gadd 1987, Lin &

Kosman 1990, Dancis et al. 1994a). In contrast, Chlamydomonas only exhibits a high-
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affinity Cu transport system, with an invariant K, of 0.2 uM dissolved Cu and a variable
Viax depending on Cu availability during growth (Hill et al. 1996). These studies
illustrate the variety of microbial Cu transport pathways and physiological responses to

Cu availability.

In this study, we investigated the short-term Cu uptake kinetics of one oceanic diatom, 7.
oceanica, and one coastal diatom, 7. pseudonana, grown under various non-toxic Fe and
Cu levels. Our goal was to investigate the existence of a low- and a high-affinity Cu
transport system in these organisms and determine what controls the substrate affinity
and maximum transport velocity. Historically, the lack of suitable Cu radiotracers has
posed a significant limitation to the study of Cu transport kinetics. Through a
collaboration with the Canadian National Particle and Nuclear Physics Laboratory at Tri-
University Meson Facility campus (TRIUMF) in Vancouver, BC, we have gained access
to a regular supply of the short-lived **Cu and ®’Cu isotopes. The use of these isotopes in
short-term uptake experiments allowed us to do extensive research on Cu uptake that

would be very difficult to obtain with other methods.

3.2 Materials and methods

3.2.1 Study organisms

Two centric diatoms, 7. oceanica (CCMP 1003) and 7. pseudonana clone 3H
(CCMP1335), isolated from oceanic and coastal environments, respectively, were used in

this study. Cultures were obtained from the Bigelow Laboratory for Ocean Sciences,
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West Boothbay Harbor, ME, USA. The mean cell diameters of 7. oceanica and T.
pseudonana grown under non-limiting trace metal conditions were ~ 6.5 and 4.6 um,

respectively.
3.2.2 Media and culture manipulations

Axenic diatoms were grown as semi-continuous batch cultures in the chemically well-
defined artificial seawater medium AQUIL (Price et al. 1989) at 19 & 1°C. To eliminate
circadian rhythms of phytoplankton when grown under a day-night light cycle, our
cultures were grown under continuous illumination with cool-white fluorescent lights
(150 pmol - quanta - m™ - s, Sylvania, Mississauga, Canada), allowing us to monitor and

execute experiments at any time of day.

Except for the addition of Fe and Cu, the AQUIL medium used in this study was identical
in chemical composition to that described by Maldonado et al. (2006). Four culture media
treatments were prepared for each species with various additions of Fe and/or Cu (Table
3.1). Sterile, trace metal clean techniques were used during all experiments and

manipulations.
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Table 3.1 Culture media with various Fe and Cu additions. The units of concentration
were nM. Metals were added bound to 100 uM EDTA. MINEQL + 4.61 (Environmental
Research Software) was used to calculate free metal concentrations (pM = - log [M']). In

these calculations we included the Cu contamination of our media (1 nM Cu, Maldonado

et al. 2006).
T. oceanica T. pseudonana
[Fe] wa (PFe)  [Cu] o (pCu) [Fe]woa (PFe)  [Cu] o (PCu)
Fe replete/Cu replete 1370 (19) 11.2 (14.1) 1370 (19) 11.2 (14.1)
Fe replete/Low Cu 1370 (19) 1.0 (15.1) 1370 (19) 1.0(15.1)
Fe limited/Cu replete ~ 1.28 (22) 11.2 (14.1) 12.5(21) 11.2 (14.1)
Fe limited/Low Cu 1.28 (22) 2.96 (14.8) 12.5(21) 1(15.1)

3.2.3 Determination of growth rates and cell sizes

Cells were acclimated to various Fe and/or Cu culture conditions in 28 mL polycarbonate
tubes. In vivo fluorescence was measured daily with a Turner 10-AU Fluorometer
(Turner Designs, Sunnyvale, CA, USA). The In of fluorescence versus time was used to
calculate growth rates (d). Cultures were considered acclimated when growth rates of
five successive transfers varied by less than 15% (Brand et al. 1981). For the Cu uptake
kinetic experiments, acclimated cultures in mid-exponential phase were transferred from
28 mL tubes to 2 L bottles. The growth rates of the diatoms in these bottles were
monitored daily. Cell density and size (um) were also determined for live samples using a
Coulter Z2 Particle Count and Size Analyzer (Beckman Coulter Inc., Brea, CA, USA).
Cell surface area (um?) and volume (fL = 10" L) were calculated assuming a spherical

cell shape.
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3.2.4 Measurement of Cu uptake rates

For all experiments, 2L cultures of various Cu/Fe treatments were grown as indicated
above. The non-radioactive Cu and a spike of the carrier-free tracer “’Cu (0.32 MBq L™)
were buffered with 100 uM EDTA in 125 mL chelexed synthetic ocean water (SOW)
containing 100 uM Si, 10 uM P, and no NOj’, trace metals, or vitamins. Given that
EDTA is often used as a ligand in phytoplankton culture media, EDTA was chosen for
these experiments. The gamma-emitting radionuclide Cu (t;2= 62 h) was produced at
TRIUMEF. Different Cu concentrations were added depending on the experiments (see
below). After the Cu and EDTA additions, the media had a pH of 8.1 and was allowed to
equilibrate chemically for at least 12 hours before use. The next day, trace metal clean
techniques were used to filter 250 mL aliquots of mid-log phase 2 L culture onto trace
metal clean 2 pm polycarbonate (Poretics, 24 hours acid-soaked) filters (47 mm) by
gentle vacuum (<100 mm Hg) and washed with 10 mL chelexed SOW. Each filter was
immediately resuspended in 125 mL of seawater containing the desired experimental
ratio of “’Cu to non-radioactive Cu concentration/treatment. Though short-term Cu
uptake by marine phytoplankton is not a light-dependent process (Gnassia-Barelli and
Hardstedt-Romeo, 1982), the cells were incubated at room temperature and exposed to
150 pmol - quanta - m™ - s™ after the resuspension. The initial sampling time was 10
minutes after resuspension, followed by 15-30 minute sampling intervals. 25 mL aliquots
of culture were removed during each sampling interval. Cells were vacuum filtered onto a
2 um 25 mm polycarbonate membrane. The filtered cells were soaked for 5 minutes with
5 mL of 1 mM diethylenetriaminepentaacetic acid (DTPA) solution (dissolved in sterile
SOW, pH adjusted to 8.14; Croot et al. 1999) to bind the extracellular adsorbed 7Cu,

then washed with 5 mL SOW. The radioactive filters were placed in scintillation vials;
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radioactivity was determined using a PerkinElmer 1480 WIZARD 3°° Gamma Counter
(PerkinElmer Inc., Waltham, MA, USA). Duplicate initials (1 mL) of the uptake medium
were also taken to determine the specific activity of *’Cu in the uptake media (MBq
%7Cu/Cu concentration added). At the end of each *’Cu uptake experiment, a sample was
fixed with Lugol’s solution to determine cell density using the Coulter Z2 Particle Count
after the ®’Cu had decayed. The Cu uptake rates (zmol - pm™ - h™ = 10" mol - um™ - h™)
for each Cu concentration were determined by linear regressions of the accumulation of

Cu as a function of time and were normalized to cell surface area.

To determine the optimal duration for the ®’Cu uptake experiments, initial experiments
were performed for up to 6 hours with Fe-replete 7. pseudonana cultures. The results
(data not shown) indicated that during the first two hours, cellular Cu increased linearly.

Thus, the sampling time for Cu uptake experiments was limited to two hours.

3.2.5 Cu uptake kinetic parameters for cells grown under various Fe and/or Cu

levels

Sixteen (2, 10, 30, 60, 80, 100, 120, 150, 180, 240, 300, 500, 700, 1000, 1500, and 2000
nM; Figure 3.1) or eight (2, 30, 60, 120, 240, 500, 1000, and 2000 nM; Figure 3.2) Cu
concentrations were used in the Cu uptake kinetic experiments. For each growth
treatment, two independent cultures were grown. Rates of Cu uptake for all Cu
concentrations tested were measured for both duplicate cultures, from which a mean Cu
uptake rate (zmol - pm™ - h™") was calculated. These mean Cu uptake rates were used to
calculate the Vy,ax and K, of each growth treatment, using the Michaelis—Menten
equation (see Results) and the statistical program SigmaPlot 10.0 (Systat Software Inc.

San Jose, CA, USA). The standard errors associated with the Vi« and K, parameters are
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the standard errors from the best-fit values. A t-test (TDIST) was used to compare the
effect of Cu or Fe on various treatments. The effects of Cu and Fe and its interaction
(ANOVA) were investigated only for the low-affinity Cu transport system of 7. oceanica,

since this was the only transport system active in all Cu/Fe treatments.

160

120 -

~
[«
1

Cu uptake rate (zmol Cu'um'zh'l)
8

T T

0 500 1,000 1,500 2,000

[Cu] total (nM)

Figure 3.1 Kinetics of Cu uptake as a function of total Cu concentrations in Fe and Cu
replete 7. pseudonana. The rates of Cu uptake (zmol - pm™ - h™ = 102 mol - um™ - h™)
were determined as described in Materials and Methods. The data points are the means of
Cu uptake rates of duplicate cultures and the error bars represent the range. In these
experiments, the EDTA concentration was kept constant at 100 uM while the Cu

concentrations were varied.
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3.3 Results

3.3.1 Cellular characteristics

T. oceanica and T. pseudonana were acclimated to different Fe and Cu concentrations

(Table 3.1). Fe limitation significantly decreased (ANOVA, p<0.001) cell growth rate (d’

1, surface area (um?), and volumes (fL). In contrast, the effects of Cu availability were

only obvious (ANOVA, p<0.05) on the cell surface area and volume of 7. oceanica

(Table 3.2), and showed a surprising increase with low Cu availability.

Table 3.2 Cellular characteristics (mean = SD) of live T. oceanica and T. pseudonana

grown under different Fe and Cu levels. For specific Fe and Cu concentration and pMe in

each medium, see Table 3.1 (d"' = day™; fL = pm® = 10™"° L; n is the number of

replicates).
Treatment Growlth Rate Cell surface area (urnz) Cell volume
(d7) () (fL)

T. oceanica Fe replete/Cu replete 0.80=0.09 (9) 85.62+0.02 74.49+0.03

Fe replete/Low Cu 0.73£0.10 (9) 139.31+0.36 154.61+0.59
Fe limited/Cu replete 0.51+0.10 (9) 59.37+0.67 43.01+0.73
Fe limited/Low Cu 0.48+0.08 (9) 70.60+0.74 55.78+0.88
T. pseudonana  Fe replete/Cu replete 1.79+0.14 (8) 68.80+1.30 53.67£1.47
Fe replete/Low Cu 1.75%0.15 (5) 70.29+0.00 55.41+0.00
Fe limited/Cu replete 0.82+0.09 (9) 41.85+0.40 25.46+0.34
Fe limited/Low Cu 0.73+0.18 (5) 48.23£1.30 31.50+1.22
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3.3.2 Kinetics of Cu transport

At Cu concentrations ranging from 2-500 nM, cellular Cu accumulation (zmol pm™) in 7.
oceanica and T. pseudonana increased linearly as a function of time in the course of 2
hours (data not shown). Sixteen Cu concentrations (2, 10, 30, 60, 80, 100, 120, 150, 180,
240, 300, 500, 700, 1000, 1500, and 2000 nM) were first used in the Cu uptake kinetic
experiments. For these initial experiments, 7. pseudonana grown under Fe and Cu replete
condition was used as a model. The Cu uptake rates (zmol - um™ - h™") were a function of
Cu concentrations and followed Michaelis-Menten uptake kinetics, approaching
saturation at ~250 nM Cu (Figure 3.1). Interestingly, the Cu uptake kinetics at these Cu
concentrations clearly indicated that Cu uptake is biphasic (Figure 3.1). Considering the
limitation of the radioactivity of °’Cu we can manipulate, in the rest of the Cu uptake
kinetic experiments only eight Cu concentrations (2, 30, 60, 120, 240, 500, 1000, and
2000 nM) were chosen. Based on the statistical analysis, five out of eight treatments
(graphs with inserts, Figure 3.2) also exhibited biphasic Michaelis-Menten kinetics of Cu
uptake as a function of Cu concentration (Figure 3.2, Table 3.3). The first phase was
observed at low Cu concentrations (~ 0 - 500 nM, see inserts) while the second phase was
observed at higher Cu concentrations (up to 2000 nM). This biphasic uptake saturation
kinetic pattern was assumed to reflect the simultaneous operation of a high-affinity and a
low-affinity uptake system at low and high Cu concentrations, respectively (Knauer et al.
1997). Thus, a biphasic Cu uptake kinetic curve was fitted to our data using a Double
Rectangular Hyperbola equation [V = Viaxi [Cu] total / ([CU] total T Kin1) + Vinaxz [Cu] total /
([Cu] tota1 + Kim2)] (Nissen 1991) (Table 3.3), where V is the total Cu uptake rate (zmol

Cu- um'z . h'l), Viax1 and Viaxo are the maximum uptake rates of the two uptake systems,
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[Cu] tota1 18 the total copper concentration, and K;,,; and K, are the half-saturation
constants of the two uptake systems. According to these analyses (Table 3.3), the K,
values were 50-, 870- and 21-fold lower for the high-affinity Cu transport system
compared to the low-affinity Cu transport system in Fe/Cu replete, Fe replete/low Cu T.
oceanica and Fe limited/low Cu T. pseudonana, respectively. For these same cultures, the
Vmax values were also lower by 3.3-, 183- and 13-fold, respectively, for the high-affinity
Cu transport system. Fe/Cu replete and Fe-replete/low Cu T. pseudonana, also exhibited
two Cu transport systems. However, the low-affinity uptake system did not saturate and
as a result, the data could not be fitted by the Double Rectangular Hyperbola equation. In
addition, the K, of the high and low transport systems were identical in some cases (i.e.
Fe limited/Cu replete and Fe limited/low Cu of 7. oceanica and Fe limited/Cu replete 7.
pseudonana), so we assumed that only one transport system was active. Given the high

K values (~ 1000 nM), we classified these Cu transport systems as low-affinity.

Figure 3.2 (next page) Michaelis-Menten kinetics of Cu uptake as a function of total Cu
concentrations in 7. oceanica and T. pseudonana cultured under different Cu and Fe
levels (see Table 3.1). The rates of Cu uptake (zmol - pm™ - h™' = 10* mol - pm™? - h'™")
were determined as described in Materials and Methods. The data points are the means of
Cu uptake rates of duplicate cultures, curves are the line of best fit for the Double
Rectangular Hyperbola equation. In these experiments, the EDTA concentration was kept

constant at 100 uM while the Cu concentrations were varied.
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Table 3.3 Kinetic parameters of the high- and low-affinity Cu transport system in 7. oceanica and T. pseudonana grown

under various Fe and Cu levels. The K, and V.« values (+ standard error of best-fit value) were calculated for the mean Cu

uptake rates of duplicate independent cultures measured at Cu concentrations ranging from 0 to 2000 nM. The high- and low-

affinity uptake system parameters were calculated using the double Michaelis-Menten equation [V = Viax1 [Cu] tota / ([Cu] total

+ K1) T Viax2 [Cu] total / ([CU] tota1 + Kin2)]. R?is the regression coefficient of the Michaelis-Menten equation fit to the data.

For specific Fe and Cu concentration and pMe in each medium, see Table 3.1.

Low-affinity

High-affinity

Vinax
Ko V max Ko (zmol Cu - pm™ - Cu range
Treatment (nM) (zmol Cu - pm™ - h™) (nM) h (nM) R?

T. oceanica Fe replete/Cu replete ~ 2410+8335 36+48 48+110 11+13 0-2000  0.9422
Fe replete/Low Cu 6336+2253 238+63 7.3+£32 1.3%1.1 0-2000  0.9985

Fe limited/Cu replete 879+156 29+2 .4 0-2000  0.9901

Fe limited/Low Cu 771+£383 40+8.9 0-2000  0.9252

T. pseudonana  Fe replete/Cu replete NA, did not saturate at 2000 nM 188+48 12+1.1 0-1000 0.9710
Fe replete/Low Cu  NA, did not saturate at 1000 and 2000 nM 373441 17+1.0 0-500 0.9977

Fe limited/Cu replete 9234222 101<£11 0-2000  0.9828

Fe limited/Low Cu 11174525 63+4.9 52+129 4.8+7.8 0-2000  0.9971
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3.3.3 Low-affinity Cu uptake Kinetics

T. oceanica and T. pseudonana had significantly different low-affinity Cu uptake kinetics
under Fe replete conditions, but similar kinetics under Fe limitation (Figure 3.2, Table
3.3). When Fe was sufficient, Cu uptake by 7. pseudonana did not saturate. In contrast,
Fe sufficient 7. oceanica exhibited saturating uptake kinetics. When Fe was limiting,
both 7. oceanica and T. pseudonana had similar K, (~ 1uM) and V., (30 & 100 zmol
Cu - pm™ - h', respectively). These results indicate that the low-affinity Cu transport
system of 7. oceanica and T. pseudonana had different responses to Fe availability.
Statistical analyses (p<0.05, ANOVA and TDIST) indicate that Cu availability in the
growth media had no significant effect on the K, of the low-affinity Cu transport system
in T. oceanica and T. pseudonana (Table 3.4). Meanwhile, low Cu availability had a
significant effect on the V. of low-affinity Cu uptake by 7. oceanica (p=0.012,
ANOVA, Table 3.4) when Fe availability was high (6.5-fold faster for low Cu cultures),
and by 7. pseudonana (p=0.007, TDIST, Table 3.4) when Fe was limiting (2-fold slower
for cultures grown under low Cu concentration). Fe limitation significantly affected only
the Vimax of low-affinity Cu transport in 7. oceanica grown under low Cu availability (p =
0.015, ANOVA, Table 3.4), where the V,x of Fe limited culture was 6-fold slower than
that of the Fe replete cultures. Fe also had a significant effect on the low-affinity Cu
transport system in 7. pseudonana (Table 3.3), although we were unable to obtain robust
fits to the data to compare the K, and V.« values statistically. The Cu uptake in Fe
replete 7. pseudonana was not saturated at 1000 or 2000 nM Cu compared to Fe limited

treatments.
3.3.4 High-affinity Cu uptake Kinetics

T. oceanica and T. pseudonana had different K, and V.« kinetics for the high-affinity
Cu transport system depending on the Fe and Cu availability (Figure 3.2, Table 3.3).
When Fe and Cu were sufficient, both of these diatoms had similar K, (~ 50-200 nM)

and Viax (~ 10-12 zmol - um'z . h'l). For cultures grown under low Cu, T. oceanica had a
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lower half-saturation constant (51-fold lower K, p<0.0001, TDIST) and a slower
maximum rate of Cu uptake (13-fold lower Vax, p<0.0001, TDIST) than 7. pseudonana.
Moreover, when Fe was limiting, the high-affinity Cu transport system seemed to
disappear in 7. oceanica and in Cu replete 7. pseudonana. Within the error of the
estimates (Table 3.4), Cu availability had no significant effect on the K, and V.« of
high-affinity Cu transport system in 7. oceanica. However, low Cu significantly
increased Ky, and V. (p = 0.010 and 0.005) in Fe replete 7. pseudonana (Fe replete/low
Cu vs. Fe replete/Cu replete, Table 3.4). Fe limitation had significant effects on the high-
affinity Cu uptake kinetics of both species (Table 3.4). When Fe concentration was low,
the high-affinity Cu transport system in 7. oceanica was down-regulated (turned off).
Similarly, Fe limitation turned off the high-affinity transport system of 7. pseudonana
when Cu was replete. In contrast, Fe-limitation up-regulated the high-affinity of 7.

pseudonana when Cu was low by decreasing its K;,, by ~ 7-fold (p=0.031, Table 3.4).
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Table 3.4 Effects (p-value, TDIST and two-way ANOVA) of Cu availability, Fe

availability and the interaction between Fe and Cu availability on K, and V., of the

low- and high-affinity Cu transport system in 7. oceanica and T. pseudonana. For

specific Fe and Cu concentration and pMe in each medium, see Table 3.1.

' Kinetic Metal o
Species Treatment p-value  Statistics
parameter  effect
T. pseudonana Fe replete/Cu replete K Cu 0.010 TDIST
& VS. Vmax Cu 0.005
é Fe replete/Low Cu
;jﬂ Fe replete/Low Cu K Fe <0.0001 TDIST
o> vs.
Fe limited/Low Cu
T. pseudonana Fe limited/Cu replete V max Cu 0.007 TDIST
> Vs.
2 Fe limited/Low Cu
2
g T. oceanica All treatments V max Fe 0.015 Two-way
3 Cu 0012  ANOVA
Fe&Cu  0.023
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3.4 Discussion

3.4.1 Cu uptake kinetics of phytoplankton

The Michaelis-Menten kinetics of Cu uptake by the centric diatoms 7. oceanica and T.
pseudonana seem to follow biphasic kinetics when cells are exposed to total Cu
concentrations ranging from 2 to 2000 nM. Biphasic uptake kinetics are usually ascribed
to the presence of two uptake systems, a high- and a low-affinity uptake system operating
simultaneously (Epstein et al. 1963, Komor & Tanner 1975). These uptake kinetics have
been reported in many organisms for various substrates, including sugar transport in the
green alga Chlorella (Komor & Tanner 1975), nitrate uptake by marine phytoplankton
(Collos et al. 1997), glucose transport by fungi (Schneide & Wiley 1971), and Cu and
phosphate uptake by higher plants (Austenfeld & Veltrup 1983, Perez-Llorens & Niell
1995). For Cu transport, two uptake systems have been found in the freshwater green alga,
Scenedesmus subspicatus (Knauer et al. 1997), where the K,, of the low-affinity and
high-affinity Cu transport systems are 2.82 pM and 0.07 pM of free Cu®", respectively. In
the present study, the K, of the low- and high-affinity Cu transport system for 7.
oceanica grown under Fe/Cu sufficient conditions are 2410 nM and 48 nM total Cu,
respectively, thus differing by 50-fold. If these K,, valuesexpressed as total Cu
concentrations, are converted to free Cu®" concentrations (using the side reaction
coefficient and conditional thermodynamic constant of CuEDTA reported in Sunda et al.
2005), the resulting K, are 1.84 pM and 0.04 pM, respectively. These K, values are very
similar to those values of S. subspicatus. The K, value of the high-affinity Cu transport
system in 7. pseudonana is also low, 188 nM (0.14 pM expressed in free Cu®"), but 3.5-
and 2-fold higher than the K, of 7. oceanica and S. subspicatus, respectively. The Cu
transport kinetics of the diatoms in this study are also different from that of the green
algae C. reinhardtii (Hill et al. 1996). In C. reinhardtii, only one temperature-dependent
Cu transport system has been found, with a K;, of ~210 nM total Cu (Hill et al. 1996).
Furthermore, Michaelis-Menten Cu uptake kinetics have been determined for a limited

set of marine phytoplankton by Croot et al. (2003). A similar Cu transport pathway exists
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in a cyanobacterium and a dinoflagellate. The K, of the cyanobacteria Synechococcus sp.
DC2 and the dinoflagellate Amphidnium carterae were ~15.5 pM and 39.8 pM free Cu*",
respectively. These high K, values are characteristic of low-affinity Cu transport systems.
However, it is important to note that Croot et al. (2003) did not conduct the Cu uptake
experiments with cultures grown at the low Cu concentration used in our study and that
of Knauer (1997). Assuming that the K, reported by Croot et al. (2003) are those of a
low-affinity Cu transport system, the low-affinity Cu transport system of our diatom 7.
oceanica has higher affinity for Cu (8- or 22-fold lower K,,) than those of Synechococcus

and Amphidnium.

The Vax of low- and high-affinity Cu transport systems are also normally different. In
general, the low K, of a high-affinity transport system results in a slower Vy.x (Raymont
1980, Kajikawa et al. 1997, Persson et al. 2000). In S. subspicatus, the V. of high-
affinity Cu transport system is 28-fold lower than that of the low-affinity Cu transport
system (Knauer et al. 1997). In the diatoms 7. oceanica and T. pseudonana, the mean
difference between V.« of the high-affinity and low-affinity transport system is ~ 90-
fold, but range from 3- to 182-fold.

Quigg et al. (2006) measured the short-term Cu accumulation rate by 7. pseudonana in
natural sea water (Sandy Hook seawater) with 28 pM Cu'. Their Cu uptake rate, 546 zmol
Cu-um™-h™' (9.1 zmol Cu - um? - min”, Quigg et al. 2006), is higher than that reported
here (13.7 zmol Cu - um™ - h™) for Fe/Cu replete 7. pseudonana at 2000 nM total Cu
(with 25 pM Cu'"). This 40-fold difference may be due to a disparity in intracellular Fe
and Cu concentrations between the 7. pseudonana cultures and/or the sampling time for
the determination of Cu uptake rates. In Quigg et al. (2006) study, 7. pseudonana was
acclimated in Aquil medium with 84 nM dissolved Fe, whereas we used 1370 nM
dissolved Fe for the Fe replete culture and 12.5 nM for the Fe limited ones. In addition,
while our sampling time was 2 hours, that of Quigg et al. was only 20 minutes. Indeed, if
we calculate Cu uptake rates for only the first time point (15 minutes), our Cu uptake rate

of the Fe limited/Cu replete 7. pseudonana (537 zmol Cu - um™ - h™', measured at 2000
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nM total Cu, or 25 pM Cu') is almost identical to that measured by Quigg et al. (546 zmol

Cu-um™-h™).
3.4.2 T. oceanica versus T. pseudonana Cu uptake Kinetics.

Though the data presented here suggest that 7. oceanica and T. pseudonana have both a
low and a high-affinity Cu transport system, there were distinct differences between these
two species. For example, the low-affinity transport systems for 7. oceanica and T.
pseudonana grown under Fe/Cu replete conditions were very different: while that of 7.
oceanica saturated at ~ 2000 nM, that of 7. pseudonana showed no saturation at that Cu
concentration. These results suggest that under Fe/Cu replete conditions, 7. pseudonana,
the coastal isolate, has more efficient intracellular Cu homeostasis mechanisms than 7.
oceanica. These mechanisms may include Cu efflux and/or intracellular metal-binding
peptides. Indeed, some freshwater and marine phytoplankton have been documented to
efflux internalized Cu (Verma and Singh 1991, Knauer et al. 1997, Pandey et al. 1997,
Croot et al. 2003). Cu storage by phytochelatins has been observed in marine

phytoplankton (Ahner et al. 1994, 1997, 2002, Morelli and Scarano 2004).

The low-affinity Cu uptake systems of 7. oceanica and T. pseudonana were similar (K, ~
1uM, and Vipax 30-100 zmol Cu - um™ - h™") only when cells were Fe limited.
Interestingly, Fe limitation down-regulated (or turned off) the high-affinity Cu transport
system in both diatoms. In the case of 7. oceanica, the high-affinity Cu transport system
seemed to be turned off by Fe limitation in both Cu growth conditions (Cu replete and
low Cu), while that of 7. pseudonana was turned off by Fe-limitation only under Cu
replete conditions. In contrast, Fe-limited 7. pseudonana grown with low Cu up-regulated
its high-affinity Cu transport system. These changes may reflect the need to take up extra
Cu when Fe is low due to the up-regulation of multi-copper oxidase (MCO) in the high-
affinity Fe transport system. Therefore, Fe nutrition controls Cu uptake differently in 7.
pseudonana and T. oceanica. In addition, when Fe sufficient cells were subjected to low

Cu levels, the high-affinity Cu transport system of 7. oceanica had significantly lower K,
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(51-fold, p<0.0001, TDIST) and Vax (13- fold, p<0.0001, TDIST) than that of T.
pseudonana. Thus, the high-affinity Cu transport system of Fe replete 7. oceanica is
more efficient under low Cu than that of 7. pseudonana. This potentially reflects the
lower Cu concentrations in the open ocean and the evolution of a diatom in a chronically
low Fe environment, where intracellular Cu may have partially relieved Fe use in some

key biochemical pathways.
3.4.3 Strong Cu and Fe effects on Cu Uptake Kinetics

Cu and Fe availabilities in growth media have a strong effect on the Cu uptake kinetics of
T. oceanica and T. pseudonana, and an interaction between Fe and Cu exists in these
diatoms. However, the results obtained here indicate that Cu uptake kinetics are complex,
and suggest that Cu transport is regulated dynamically by both Fe and Cu. At present, we
are unable to explain all the interactions between Cu and Fe nutrition on Cu transport.

Thus, we have restricted this discussion to the most significant results.

Cu availability had significant effects on the V¢ of low-affinity Cu uptake in 7.
oceanica (p=0.012, two-way ANOVA, Table 3.4) and 7. pseudonana (p=0.007, TDIST,
Table 3.4), and these effects were different depending on Fe availability (p=0.023, two-
way ANOVA, Table 3.4). When Fe is sufficient, the V,.x of low-affinity Cu transporter
in T. oceanica is up-regulated under low Cu (6.5-fold higher for low Cu cultures,
p=0.021, TDIST). Similar up-regulation of the low-affinity Cu transport system has been
observed in C. reinhardtii (Hill et al. 1996), where the V. in Cu-deficient cells (169 =9
amol - cell - h™") is 20-fold faster than that of Cu sufficient cells (8.16 + 0.6 amol - cell

" h™"). Thus, in C. reinhardtii, the same Cu transport system operates in Cu replete and
Cu deficient cells, but more Cu transporters are expressed under Cu deficient conditions
(Hill et al. 1996). In a similar manner, Fe limited 7. oceanica may be expressing a higher
density of low-affinity Cu transporters when Cu is low. In contrast to this findings, low
Cu in Fe limited 7. pseudonana elicited slower Vy,.x (p=0.007, TDIST, Table 3.4). As for

the effects of Fe availability on Cu uptake kinetics, it has been discussed in the session
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discussing T. oceanica versus T. pseudonana.
3.4.4 High-affinity and low-affinity Cu transporters in eukaryotes

In the yeast S. cerevisiae, Cu transport is mediated by a high- and a low-affinity uptake
system depending on Cu availability. In the high-affinity transport system, Cu is reduced
from Cu”" to Cu” by plasma membrane reductases, including highly specific cupric
reductases (Hassett & Kosman 1995) and FRE1, which also functions in Fe transport
(Georgatsou et al. 1997). After Cu is reduced, Cu' is taken up by Cu transport proteins
(Ctrlp and Ctr3p) which are localized in the plasma membrane (Dancis et al. 1994b,
Labbe et al. 1997, Pena et al. 2000). The expression of these proteins is regulated by
intracellular Cu deficiency. In phytoplankton, it has been demonstrated that cupric
reductase activity exists at the cell surface (Jones et al. 1987, Hill et al. 1996). Recently,
homologs (7pFRE1-3) to these reductases of the high-affinity Cu and Fe transport system
in yeast (FRE1 AND FRE2) were identified in the genome of the diatom 7. pseudonana
(Kustka et al. 2007). These reductases thus may also have a cupric reductase function in
the high-affinity Cu transport system in 7. pseudonana. CTR, a Cu permease, is deemed
to be a canonical member of a high-affinity Cu transport family of proteins in eukaryotic
organisms (Dancis et al. 1994a, Dancis et al. 1994b, Kampfenkel et al. 1995, Lee et al.
2000, Zhou & Thiele 2001, Sancenon et al. 2003, Zhou et al. 2003). A putative CTR has
also been found in the genome of 7. pseudonana (Thaps3/chr 11a:66327-68695, see
http://genome.jgi-psf.org/Thaps3/Thaps3.home.html). This transporter may be the high-

affinity Cu uptake transporter of marine diatoms.

Potential transporters in the low-affinity Cu transport system include FET4 (also a low-
affinity Fe*" permease) and SMF1 in yeast (Dix et al. 1997, Liu et al. 1997, Hassett et al.
2000). In phytoplankton, P-type ATPase Cu®" transporters are found in the thylakoid
membrane and in the plasma membrane of the freshwater Synechococcus species
PCC7942 (Kanamaru et al. 1994; Phung et al. 1994). Cu-transporting ATPases exist in
the genome of the marine diatom 7. pseudonana (thaps1 ua kg.chr 16a000004, see
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http://genome.jgi-pst.org/Thaps3/Thaps3.home.html), and the Synechococcus WH8102
(Palenik et al. 2003). These P-type ATPases may regulate low-affinity Cu transport in
marine phytoplankton. The low-affinity Cu transporters may also involve members of the
NRAMP (Natural Resistance-Associated Macrophage Protein) and the ZIP/IRT (Zinc
IRT-like Protein/Fe-Regulated Transporter) families due to their wide selectivity for
cations (Cu", Cd*", Fe*", Mn*", and Zn") (Gunshin et al. 1997, Grotz et al. 1998,
Korshunova et al. 1999, Ramesh et al. 2003)). Indeed, physiological studies of marine
phytoplankton have indicated that high availability of Cu®" inhibits cellular Mn and Zn
uptake in the diatom 7. pseudonana (Sunda & Huntsman 1983, 1996), supporting a
common transporter for Cu, Mn and Zn. We thus propose that in marine diatoms,
different, non-specific metal transporters may work together as low-affinity Cu

transporters.
3.4.5 Oceanographic implications

Using diatoms as model organisms, this study presents the first evidence of the co-
occurrence of a high- and a low-affinity Cu transport system in marine phytoplankton.
One of our principle observations from this work is that the characteristics of these Cu
transport systems are different in the coastal and the oceanic diatom investigated here,
potentially reflecting the evolutionary adaptation of species to different trace metal
regimes. The open ocean isolate, 7. oceanica, has the highest affinity for Cu transport of
any phytoplankton tested to date, which is consistent with the very low Cu concentrations
in offshore oceanic waters. In contrast, the coastal strain, 7. pseudonana, was able to
tolerate relatively higher Cu concentrations that are typical for coastal waters. Moreover,
the Cu uptake systems in the two diatom species are differentially controlled by Cu
and/or Fe nutrition. For example, while Fe replete 7. oceanica lowered the K, and Vax
of its high-affinity Cu transport system under low Cu conditions, such a response is not
observed in 7. pseudonana. Another disparity between these two strains is their ability to
increase the number of Cu transporters at the cell surface (Vax) in response to low Cu.

As observed in other phytoplankton (Hill et al. 1996), T. oceanica increased the Vi.x of
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the low-affinity Cu transport system in response to low Cu, while 7. pseudonana
decreased its V.x. However, the responses of Cu uptake kinetics to different Fe and/or
Cu conditions are complex, providing more support for the dynamic interaction between

Fe and Cu in diatoms physiology and highlighting the need for further study.

The Cu uptake rates determined here using CuEDTA, a non-photolabile organic Cu
complex (Natarajan and Endicott 1973), question our present understanding of what
controls Cu transport in marine phytoplankton. The free ion model (Hudson 2005)
assumes that only inorganic metal species are labile and utilized directly by
phytoplankton, while organically bound metals are essentially unavailable. However,
using CUEDTA as a model organic Cu complex, our results suggest that the flux of
inorganic Cu to the cell surface (Jp) is insufficient to account for the Cu uptake rates we
measured (pCu). When both diatoms were grown in Fe/Cu replete conditions, the
observed Cu uptake rates, at 6 different Cu concentrations ranging from 2 to 500 nM,
exceeded the corresponding calculated maximum diffusion rates of inorganic Cu by
factors of 1.5 to 15.1 (Table 3.5). The mean ratio of pCu: Jp ratio was 7.2 and 3.3 for T.
oceanica and T. pseudonana, respectively. For only 7. pseudonana, at the 2 highest Cu
concentrations (1000 and 2000 nM), the diffusive flux of inorganic Cu fully accounted
for the Cu uptake rates measured. Faster rates of Cu uptake relative to the diffusive flux
of inorganic Cu to the cell surface has also been observed in recent studies (Quigg et al.
2006, Annett et al. 2008). These results suggest that diatoms might be able to access Cu
bound within organic Cu complexes. Thus, Cu uptake may not be always controlled by
the free Cu®" or the Cu' concentration, but instead by total Cu concentration. Further
study is needed to investigate this Cu uptake mechanism. Reductive release of Cu from
organically bound Cu®" complexes by cell surface cupric reductases may be one
mechanism of Cu uptake in marine diatoms (Semeniuk et al. 2009). In addition, at
identical Cu' concentrations, the ratios of Cu uptake to maximum diffusive fluxes of
inorganic Cu were 1.4 to 5 times higher in 7. oceanica than in T. pseudonana. T.
oceanica may thus have higher Cu(Il) reductive ability or a higher affinity Cu”

transporters, which is supported by the lower K, of the high-affinity transport system of
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T. oceanica (48 nM) relative to 7. pseudonana (188 nM).

Our field investigations in Station Papa in the Subarctic Pacific in September of 2006 and
May 2008 provide further evidence of the availability of organic Cu to indigenous
phytoplankton. At an in situ Cu concentration of 2 nM, we measured pCu of 2.3 & 5.8
pumol Cu - mol C' - h™!, respectively (Semeniuk et al. 2009 and D. Semeniuk & M.
Maldonado unpublished). Assuming that the mean phytoplankton size is ~ 3 um in radius
and that 0.4% of total Cu is inorganic Cu (Donat and Bruland, 1995), we calculate a
diffusive flux of Cu on the order of 0.5 pmol Cu - mol C' - h™'. The rates of Cu uptake by
indigenous phytoplankton are thus 5-10 times faster than the inorganic Cu diffusive flux,
indicating that Cu uptake in the open ocean might be controlled by the total Cu
concentration. Given the K;,s of the low- and high- affinity Cu transport system for our
oceanic isolate (2410 nM and 48 nM, respectively), indigenous phytoplankton most
likely have an active high-affinity Cu transport system in the open ocean, where total Cu
concentration is ~ 2 nM (Coale & Bruland 1988, Jickells & Burton 1988, Moffett 1995,
Rutgers van der Loeff et al. 1997, Moffett & Dupont 2007). Our study raises fundamental
questions about Cu availability in the world oceans. It also highlights the effects that
phytoplankton Cu acquisition mechanisms, which potentially involve cupric reductases,
may have on the distribution and speciation of Cu in seawater. The link between Fe and
Cu nutrition is also evident, but further studies are needed to fully elucidate the complex

interaction between these two metals in phytoplankton physiology.
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Table 3.5 Measured Cu uptake rates (pCu) by 7. oceanica and T. pseudonana grown in Fe/Cu replete media, maximum

diffusive rate of dissolved inorganic Cu (Cu') from the bulk solution to the surface of the diatom cell (Jp), and the ratio of pCu:

Jp. The measured Cu uptake rates reported here are the average linear uptake rates (+ range) of the two independent cultures.

The maximum diffusive rate of Cu' was calculated using the equation Jp = 4zrD[Cu'], where r (cm) is the cell radius and D

(2.16 x 102 cm” - h™! at 20°C) is the diffusion coefficient of dissolved inorganic Cu (Hudson and Morel 1993). The

concentration of free Cu®” (pCu) was calculated using the program MINEQL + 4.61 (Environmental Research Software). The

concentration of Cu' was calculated from the inorganic side reaction coefficient (oc, = [Cu']/ [Cu*'] = 16.1, Sunda et al. 2005).

Measured Cu uptake rate Max Cu' diffusion rate Ratio

[Cu] total [Cu'] -1 1 -1 -1
pCu (pCu) (zmol Cu - cell” - h™) (Jp) (zmol Cu - cell” - h™) (pCu:Jp)

(nM) (PM) : : :

T. oceanica T. pseudonana T. oceanica  T. pseudonana T. oceanica  T. pseudonana
2 0.02 14.8 268 11+£0.5 1.7 1.6 15.1 7.3
30 0.4 13.6 291 £59 130+ 13 26 23 11.1 5.6
60 0.7 13.3 482 £ 60 235+29 52 47 9.2 5.0
120 1.5 13.0 1224 + 84 225+ 8 105 94 11.7 2.4
240 2.9 12.7 820+ 123 518 £ 55 209 188 3.9 2.8
500 6.2 12.4 1220 £+ 260 587 + 161 436 391 2.8 1.5
1000 12 12.1 1965 + 127 681 =1 872 781 23 0.9
2000 25 11.8 2256 + 199 939+ 34 1743 1563 1.3 0.6
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Chapter 4

Sequence analysis and gene expression of potential
components of copper transport and homeostasis in
Thalassiosira pseudonana grown under low copper and

iron availability
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4.1 Introduction

The redox metal copper (Cu) is an essential micronutrient for phytoplankton. It plays a
key role in numerous metabolic pathways, such as respiration (cytochrome c oxidase,
Merchant et al. 2006), photosynthesis (plastocyanin, Ho and Krogmann 1984, Nosenko et
al. 2006, Peers and Price 2006), oxidative stress (Cu/Zn superoxide dismutases, Chadd et
al. 1996), organic nitrogen assimilation (amine oxidases, Palenik et al. 1988-1989), as
well as Fe acquisition (multicopper ferroxidases, La Fontaine et al. 2002). Most recently,
in the green alga Chlamydomonas, Cu deficiency has been shown to affect the
composition of chloroplast membrane lipids, thus, inhibiting the integrity and function of
photosystem II (Castruita et al. 2011). However, at very high concentrations, Cu can
cause oxidative damage to lipids, proteins and DNA, as free Cu ions can participate in
redox reactions to yield hydroxyl radicals (Halliwell and Gutteridge 1984). Thus, cells
have to develop both Cu acquisition and homeostasis mechanisms to control intracellular
Cu concentrations (Eide 1998, Puig and Thiele 2002, Merchant et al. 2006, Kim et al.
2008).

Numerous culture studies have investigated the toxic effects of high Cu levels on the
physiology of marine phytoplankton (Brand et al. 1986, Cid et al. 1995, Moffett and
Brand, 1996, Davis et al. 2006). Conversely, growth reduction caused by Cu deficiency
(pCu=15) has been demonstrated in marine phytoplankton from various taxa (Peers et al.
2005, Annett et al. 2008, Guo et al. in press). Marine Cu concentrations, ranging from a
low of 0.5-6 nM in open oceans (Jickells and Burton 1988, Coale and Bruland 1990,
Moftett 1995, Ruters van der Loeff et al. 1997, Moffett and Dupont 2007) to a high of 2-
150 nM in coastal waters (Sunda et al. 1990, Moffett et al. 1997, Buck et al. 2007) may
thus be growth limiting or toxic for phytoplankton in open or coastal waters, respectively
(Rueter et al. 1979, Moffett et al. 1997, Sunda and Huntsman 1998a, Raven et al. 1999,
Peers et al. 2005, Moffett and Dupont 2007, Guo et al. in press). This suggests that the
mechanisms of Cu assimilation and homeostasis in coastal and oceanic phytoplankton

may be very different. Our recent physiological study on Cu transport in marine diatoms

82



indicated the presence of two Cu uptake systems (a high-affinity and a low affinity), as
well as distinct Cu uptake kinetics for a coastal (7. pseudonana) and an oceanic diatom (7.
oceanica, Guo et al. 2010). However, the specific genes and proteins involved in these
Cu transport systems are still unknown. Similarly, Cu homeostasis mechanisms have not

yet been identified in these organisms.

In contrast, the components and mechanisms of Cu acquisition and intracellular
distribution by the yeast Saccharomyces cerevisiae have been well studied (Puig and
Thiele 2002). Using sequence homology to these yeast counterparts, most homologs in
plants, freshwater microalgae and other organisms have been identified (Eide 1998, Puig
and Thiele 2002, Merchant et al. 2006, Puig et al. 2007). In these organisms, Cu
acquisition depends on a high-affinity Cu uptake system at the plasma membrane (Puig
and Thiele 2002, Sancenon et al. 2003, 2004, Page et al. 2009). This system is comprised
of Cu reductases and conserved Cu" transporters, which belong to the CTR family,
including 2 CTR transporters (CTR1 and CTR3) in yeast, 2 homologs (COPT1 and 2) in
Arabidopsis (Sancenon et al. 2003, 2004) and 3 homologs (COPT1, CTR1 and 2) in
Chlamydomonas (Page et al. 2009).

In addition to the CTR family transporters, some non-specific metal transporters may also
have a function in Cu transport. The NRAMP (natural resistance-associated macrophage
protein) and ZIP/IRT(zinc IRT-like protein/Fe-regulated transporter) families are thought
to transport primarily Fe and Zn in yeast and plants (Guerinot 2000, Curie and Briat 2003,
Hell and Stephan 2003), but many studies have indicated that these transporters may also
play a role in Cu uptake due to the wide selectivity for cations (Cu®", Cd**, Fe*", Mn*",
and Zn%) (Gunshin et al. 1997, Grotz et al. 1998, Korshunova et al. 1999, Ramesh et al.
2003). Indeed, high availability of ionic Cu*" inhibits Mn and Zn uptake rates in
Chlamydomonas sp. and T. pseudonana ( Sunda and Huntsman 1983, 1988a, 1988Db).

Once the Cu is taken up, Cu is distributed to specific targets by Cu chaperones and

intracellular Cu transporters. In yeast, Cu is delivered by chaperone ATX1 to the Golgi
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apparatus, by COX17 to cytochrome c oxidase in the mitochondria and by CCS to Cu/Zn
SOD in the cytosol (Puig and Thiele 2002). Some homologs of these Cu chaperones have
been identified in Arabidopsis and Chlamydomonas (Wintz and Vulpe 2002, Merchant et
al. 2006). In addition, in Arabidopsis, Cu is delivered to plastocyanin and Cu/Zn SOD in
the chloroplast by the Cu-transporting P-type ATPases PAA1 and PAA2 (Abdel-Ghany
et al. 2005).

The recently sequenced diatom 7. pseudonana is a valuable model for marine
phytoplankton studies (Armbrust et al. 2004), allowing the identification of potential
components of Cu assimilation and homeostasis. In this study, we searched the genome
of T. pseudonana for candidate genes involved in Cu assimilation and intracellular
distribution using known homologs in fungi, green algae, plants and animals. We
identified 11 genes, including putative Cu and Zn transporters and Cu chaperones, and
tested their transcriptional expression in 7. pseudonana cultures acclimated to different
Fe and Cu levels. Considering the physiological link between Cu and Fe, we also tested
the transcriptional regulation of genes encoding various components of the Fe transport

system in 7. pseudonana (Kustka et al. 2007).

4.2 Materials and methods

4.2.1 Candidate genes and sequence analysis

Sixteen genes potentially involved in Cu transport and homeostasis in Thalasiossira
pseudonana were tested for gene expression patterns under different Fe and Cu culture
conditions. Among these, 11 genes were identified in the 7. pseudonana genome (JGI;
http://genome.jgi-psf.org/thaps3/thaps3.download.html) by blastp searches using
homologous genes from other organisms. They included members of the CTR family,

Cu-translating P-type ATPase, Cu chaperones and genes of the ZIP family. Five genes
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including ferric reductases (7pFRE1, TpFRE2), the Fe permease (7pFTR1), the multi-
copper oxidase (7pFET3) and the 7TpNRAMP were directly obtained from Kustka et al.
(2007). The conserved motifs of candidate genes were analyzed by comparing their
predicted protein sequences with homologues from other organisms. Multiple alignments
were performed with Clustal W 1.8. The putative transmembrane domains (TM) were
predicted by TMHMM v. 2.0 (http://www.cbs.dtu.dk/servicess TMHMM/) and TMpred
(http://www.ch.embnet.org/software/TMPRED_form.html).

4.2.2 Algal culturing

Diatom Thalasiossira pseudonana clone 3H (CCMP1335) was obtained from the
Provasoli-Guillard Center for Culture of Marine Phytoplankton (West Boothbay Harbor,
ME, USA). Cells were grown axenically using semi-continuous batch culturing and the
chemically well-defined artificial seawater medium AQUIL (Price et al. 1989). The
cultures were grown in 28 mL polycarbonate tubes and were maintained at 19 + 1°C and
a continuous light intensity of 150 pmol quanta - m™ - s, provided with cool-white
fluorescent lights. These continuous light conditions allow an unconstrained sampling
schedule. Four culture media treatments were prepared with various additions of Fe
and/or Cu, including Fe and Cu replete (Control), Fe replete/low Cu (-Cu), low Fe/ Cu
replete (-Fe), and low Fe and low Cu (-Cu/-Fe) treatment (Table 4.1). Except for the
addition of Fe and Cu, the AQUIL medium used in this study was prepared and was
identical in chemical composition to that described by Maldonado et al. (2006). All
cultures were acclimated to these four media for about a year. The growth rates (d') of
the cultures were monitored daily using in vivo Chl fluorescence measurements with a
Turner Designs AU-10 Fluorometer (Sunnyvale, CA, USA). Cell density (cells mL™") and
cell size (um) were determined using a Coulter Z2 Particle Count and Size Analyzer.

Sterile trace metal-clean techniques were used during all experiments and manipulations.

For gene expression under steady-state growth conditions, triplicate cultures of

acclimated cells were prepared using 250 mL of media for control and low Cu treatment,
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or 500 mL of media for low Fe and low Cu/Fe treatment. Approximately 1x10° cells, in
late exponential phase, were collected for RNA extraction. For the rapid Cu resupply
experiments, cells acclimated to Fe replete/low Cu condition were grown in triplicate 4 L
polycarbonate bottles. The Cu addition was prepared as a CuEDTA complex
([Cu]:[EDTA] = 1:2) one day before dilution into the cultures, and was added to our mid-
exponential phase cultures at a final concentration of 500 nM (pCu=12.4) Cells were
sampled for RNA isolation immediately prior to the Cu addition and at 1, 3, 6 and 12

hours after the Cu was added.

Table 4.1 Growth rate (d"") and cell diameter (um) of 7. pseudonana grown under
different Fe and Cu concentrations. All values (+SD) are the average of three biological
replicates. The base level of Cu in the low Cu media (no Cu was added) was 1 nM due to
contamination. Contamination level for Fe was also about 1 nM, and both were used in

calculating the free metal concentration (pMe = -log [Me"']).

Fe & Cu Replete Fe replete/Low Cu Low Fe/Cu replete Low Fe/Low Cu

Treatments (Control) (-Cu) (-Fe) (-Cu/-Fe)
[Cutotal] (nNM) 11.2 1 11.2 1
[Cu®] (pCu) 13.9 15.1 13.9 15.1
[Fewa] (nM) 1370 1370 12.5 12.5

[Fe’™] (pFe) 19 19 21 21

Growth rate (d™) 1.73£0.11 1.80+0.11 1.03+0.03 0.87+0.03
Cell diameter (um) 5.06+0.02 4.84+0.07 3.88+0.00 4.04+0.04
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4.2.3 RNA extraction and quantitative real-time PCR

Algal cells were harvested on 47 mm polycarbonate filters of various porosities,
according to their cell size (3 um for the control and low Cu treatments and 2 pm for the
low Fe and low Cu/Fe treatments, Table 4.1), flash-frozen in liquid nitrogen, and stored
at -80 °C until RNA extraction. Cell lysis and total RNA isolation were performed using
the RNAqueous™ kit (Ambion, Austin, TX, USA) followed by DNase treatment for 1
hour using TURBO-DNA-free kit (Ambion). The purity of total RNA was tested by
reverse transcript (RT) reactions to make sure that there was no genome DNA
contamination. Then, purified total RNA was quantified spectrophotometrically and 400
ng were reverse transcribed into first-strand cDNAs in 20 pL reaction using Superscript
IT (Invitrogen, Carlsbad, CA, USA). For quantitative real-time PCR (qQRT-PCR), gene-
specific primers with amplicon sizes in the range of 90-190 bp were designed (see
Supplemental Table 4.1) using the genomic sequence data for 7. pseudonana or those
reported in Kustka et al (2007). cDNA was then amplified by RT-PCR using those gene-
specific primers and iQ™ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). Each
20 pL PCR reaction contained 0.3 pmol L each of forward and reverse primers, and 2
ng transcribed RNA. Quantitative RT-PCR was performed using the 1Q5 real-time system
(Bio-Rad Laboratories, Hercules, CA, USA) with the thermocycle conditions as follows:
95 °C for 3 min, 40 cycles of 95 °C for 15 s, 60 °C for 30s, and 72 °C for 30 s; and melt-
curve analysis starting at 55 °C for 10 s with 0.3 °C steps for 133 cycles. The transcript
abundance was determined by the 2T method (Livak and Schmittgen, 2001) from
technical duplicates of each biological triplicate. The ACt values were calculated after
normalizing to an endogenous reference gene (7pActin, Kustka et al. 2007) and the AACr
values were calculated relative to the RNA sample from cells grown in Fe and Cu replete
medium. The relative gene expression data were presented as the fold change in mRNA
abundance. Melting curves with single peaks for each primer indicated the presence of a
unique final product, and the unique product was also confirmed by gel electrophoresis

and gene sequence from one reaction.
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4.2.4 Statistical analysis

For steady-state experiments, two-way ANOVA (SigmaStat 3.5) and ANOVA Tukey
analysis (Graphpad Prism 5) were used to analyze the differences between treatment
means of relative gene expression values within each gene. For the rapid Cu resupply
experiments, a t-test was used to compare the relative gene expression values obtained at
t=0 hours (no Cu addition) with the relative gene expression value obtained att=1, 3, 6

and 12 hours, respectively.

4.3 Results

4.3.1 Effects of long-term acclimation to low Fe and/or low Cu on growth rate and

cell size

In agreement with our previous results (Guo et al. 2010; Zhu et al. 2010), low Cu had no
effect on the growth rate or cell diameter. As expected, long-term Fe starvation had a
significant effect (p < 0.001, two-way ANOVA) on the growth rate (41% reduction) and
cell size of T. pseudonana (Table 4.1). However, there were significant interactions
between low Fe and low Cu with respect to both growth (p = 0.03) and cell size (p <
0.001). A significant growth rate reduction (15%) due to low Cu was only observed when

Fe was also limiting.

4.3.2 Putative CTR Cu transporters and their gene expression

CTR Cu transporters are identified by certain conserved motifs that have been shown
experimentally to be involved in Cu binding in yeast or other organisms (Puig and Thiele
2002, Sancenon et al. 2003, 2004, Page et al. 2009). To identify putative Cu transporters
in the 7. pseudonana genome, three CTR genes (CTR1-3) of Saccharomyces cerecisae,

four Cu transport genes (CTR1-3 and COPT1) of Chlamydomonas reinhardtii and five
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COPT genes (COPT 1-5) of Arabidopsis thaliana were used as queries in blastp searches
against the JGI database (http://genome.jgi-psf.org/Thaps3/Thaps3.home.html). Due to
the low similarity and high divergence of most proteins between taxa, blasts with both the
whole sequence and the characteristic functional motif of CTR genes (Figure 4.1b) were
performed. Two CTR-like genes were identified, and named 7pCTR|24275 and
TpCTR|9391 (24275 and 9391 are the protein ID numbers of each gene in the 7.
pseudonana genome). The sequences were confirmed by RT-PCR and were identical to
the gene models except for a small deletion (8 amino acids) in 7pCTR|24275. The protein
sequences of the CTR-like genes (7pCTR|24275 and TpCTR|9391) contain three
transmembrane domains (TM1-3, Figure 4.1a) which are key structural features of the
CTR family (Puig et al. 2002). The MxxxM motif at the end of TM2 domain, which is
critical for Cu uptake (Puig et al. 2002), and the GxxxG motif in the middle of TM3
domain formed the CTR-signature motif MxxxM-x;,-GxxxG (De Feo et al., 2007) in
these TpCTR-like genes (Figure 4.1b).
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Figure 4.1 Structural model and conserved motifs of the CTR proteins of S. cerevisiae
(ScCTR1), A. thaliana (AtCOPT1), C. reinhardtii (ChCTR1), O. lucimarinus (OICTR1)
and putative CTRs of 7. pseudonana (TpCTR and TpCTR/S). The structural model and
amino acid sequences are represented from the amino terminus (left) to carboxyl terminus
(right). (a) Structural model for the Cu transport proteins. Three putative transmembrane
domains (TM1-3) for each protein are indicated in black boxes. Putative Cu binding
motifs are indicated in gray boxes. The sizes of each protein in amino acids are shown on
the right. (b) Amino acid sequences of the conserved CTR motif in TM2 and 3, which is
arranged as MxxxMx,,GxxxG. Asterisks, colons and periods represent identical, strongly

similar and weakly similar residues, respectively.
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Aside from this conserved motif, the N-terminal parts of CTR proteins differ a great deal
between organisms, although they all have metal-binding motifs containing Cys, Met and
His. It was not possible to align the protein sequences of the two 7. pseudonana CTR-like
proteins with those of S. cerevisiae (ScCTR1, gi|1345859), A. thaliana (AtCOPT]1,
gi|15237802), or C. reinhardtii (CrCTR1, jgi|196101). A search of the NCBI database
with TpCTR|24275 retrieved homologs from Phaeodactylum tricornutum, Ostreococcus
lucimarinus, Micromonas pusilla and Perkinsus marinus, but not from Chlamydomonas.
This may be significant in view of the suggestion that diatoms acquired a significant
number of genes by lateral gene transfer from members of the Mamiellales
(Prasinophyceae) to which Ostreococcus and Micromonas belong (Moustafa et al. 2009).
An alignment of these sequences showed that they shared a number of putative conserved
Cu-binding residues and motifs, including HxH, Cx¢/7,CxxxC, HxxxC and CxssMxM
(Figure 4.2). These motifs are different from those of yeast in which Met-rich motifs
(MxxM and/or MxM) are typical. They are more similar to those of Chlamydomonas, in
which several Cys-and Met-containing motifs CxxMxxMxxCxs/C occur (Page et al.
2009). The relative affinity of Cys, Met and His for Cu" is pH dependent. For example,
for yeast grown at ~ pH 4.5 (in an oxic environment and in micromolar Cu concentrations)
the Cu’ binding amino acids Cys and Met are preferred over His, while when grown at
pH 7.4, Cys and His are preferred over Met (Rubino et al. 2011). Diatom 7. pseudonana
was grown in nanomolar levels of Cu and high pH (8.14), thus Cys- and His-rich motifs
would be more effective to bind Cu. The Cys- and His-containing motifs in the N-
terminal domains of these putative CTR genes in 7. pseudonana suggest evolutionary
selection to acquire Cu from a high pH environment (Rubino et al. 2011). In the
cytoplasmic C-terminus, 7pCTR|24275 contains a conserved motif CC (Figure 4.2)
which functions in Cu binding and transfering Cu to cytosolic Cu chaperones in yeast

(Xiao and Wadd 2002).
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Figure 4.2 (next page) Alignment of putative 7. pseudonana CTR (TpCTR|24275) with other organisms, including
Fragilariopsis cylindrus (FcCTR, JGI protein ID: 233228), Phaeodactylum tricornutum (PtCTR, JGI protein ID: 47805),
Perkinsus marinus (NCBI: gi|294867495), Ostreococcus lucimarinus (OICTR1, JGI protein ID: 31321) and Micromonas
pusilla (MpCTR, JGI protein ID: 55157). Bars above the sequence indicate the predicted transmembrane domains (TM1-3).
Columns of conserved residues are shaded. Conserved potential Cu-binding residues in the N-terminal and C-terminal domains
are indicated by letters C, H and M. Asterisks, colons and periods represent identical, strongly similar and weakly similar

residues, respectively
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The protein sequence of 7pCTR|9391 does not share these N-terminal motifs with
TpCTR|24275, but is more similar to that of COPT1 in the green alga Chlamydomonas
(Page et al. 2009) and the vascular plant Arabidopsis (Kampfenkel et al. 1995) in which
the N-terminal domain contains His and Met-rich Cu binding motifs, including the large
motifs Mx;Mx;HxMHxMxHx,MHHxMxHxMxH, Hx,HxMxMM, and MxMx;H. In
addition, two Met-containing motifs (MxxM) and one Cys and His-containing motif
(Cx4HxsH) are also present in the N-terminal domain. All these structures and motifs

suggest that these two proteins are suitable candidates for CTR-like Cu transporters.

Under long-term low Fe and/or low Cu conditions, the relative gene expression of these
two CTR-like genes (7pCTR|24275 and TpCTR|9391) increased significantly (~2 fold, p
< 0.05) when Fe was limiting, but there was no effect of low Cu (1.0 nM as opposed to
11.1 nM) (Figure 4.3). However, when 500 nM excess Cu was resupplied to cultures that
were only Cu limited, the relative expression of both genes dropped about 2.5-fold
within 1 hour and increased very little over the next few hours (Figure 4.4). This is the
behaviour expected for a gene encoding a high-affinity Cu transporter. Note that this
level of Cu is not toxic to 7. pseudonana (Davis et al. 2006) even though it is much
higher than levels used for the “replete” cultures. The cellular Cu concentration increased
linearly for 5 h following the Cu addition, while the growth rate and maximum
photosynthetic quantum yields (Fv/Fm) were unchanged up to 12 h after Cu addition

(data not shown).
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Figure 4.3 Steady-state relative gene expression of putative Cu transporters and Cu
chaperones in 7. pseudonana under different Fe and Cu levels. Each bar represents the

mean value (+ standard deviation) of three independent cultures. Within each gene, the

four treatments were compared statistically (ANOVA Tukey test); the same letters above

bars indicate treatments that were not statistically different (p < 0.05). For statistical

analysis by two-way ANOVA see Table 4.2.
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Figure 4.4 Relative gene expression of putative Cu transporters and Cu chaperones in
low Cu acclimated 7. pseudonana supplied with excessive Cu (500 nM). Each point

represents the mean value (+ standard deviation) of three independent cultures. Within
each gene, each point was compared statistically with the control (0 hours) (t-test); the

stars above points indicate statistically different (p < 0.05).
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4.3.3 Putative Cu-transporting P-type ATPases and their gene expression

The well-studied Cu-transporting p-type ATPases of S. cerevisiae, A. thaliana and
Synechococcus elongatus are unified by the possession of a number of conserved motifs
that always occur in the same order (Figure 4.5, Lutsenko and Kaplan 1995, Solioz and
Vulpe, 1996). Genes S. cerevisiae CCC2 (gi|6320475), A. thaliana PAA1 (gi|42573157)
and Synechococcus elongatus PACS (gi|435125) were used as the queries to find the
homologous genes in 7. pseudonana. Two putative Cu-transporting P-type ATPases were
identified and named 7pCTP|263051 and 7pCTP|264357. TpCTP|263051 has eight
predicted transmembrane domains, as well as the phosphatase (TGE), ion-transduction
(CPC), phosphorylation (DKTGTIT) and ATP binding (GDGVNDS ) motifs, all in the
same order (Solioz and Vulpe 1996, Abdel-Ghany et al. 2005). TpCTP|264357 does not
have the phosphatase domain and has only one of the four transmembrane domains that
precede it. In addition, 7pCTP|263051 contains two short consensus metal binding
motifs (GMTCSSC and GLTCATC) in the N-terminal region (Figure 4.5a). These motifs
are similar to the motif (GMTCxxC) of known Cu-transporting P-type ATPases in other
organisms (Fu et al. 1995, Shikanai et al. 2003).

Compared to 7pCTP263051, TpCTP|264357 is shorter and has no consensus metal
binding motifs (GMTCxxC) in the N-terminal region (Figure 4.5a). However, at the
overall sequence level, the TpCTP|264357 gene is most similar to the best characterized
Cu-transporting P-type ATPase RANI1 of Arabidopsis (model%: 100, hit%: 65, score:
1220, %id: 44, data are not shown) which is required for loading Cu onto the ethylene
receptor in a late secretory compartment (Hirayama et al. 1999, Woeste and Kieber

2000 ).
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Figure 4.5 Structural models and conserved motifs of Cu-transporting p-type ATPase of
S. cerevisiae (ScCcc2), A. thaliana (AtPAA1), Synechococcus elongatus (SePacS) and
putative TpCTP|263051 and TpCTP|264357 of T. pseudonana. (a) Structural model for
the Cu-transporting p-type ATPase. All proteins except for 7pCTP|264357 contain metal-
binding motifs and eight putative transmembrane domains (TM1-8) shown in black. They
also contain four functional conserved motifs, including phosphatase, ion-transduction,
phosphorylation and ATP binding motifs, except 7pCTP|264357 has no phosphatase
motif. (b) Amino acid sequence alignment of four functional conserved domains in which
functional residues are indicated in bold. Asterisks, colons and periods represent identical,

strongly similar and weakly similar residues, respectively.
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Under long-term low Fe and/or low Cu conditions, there was a significant interaction
between low Fe and low Cu availability on the relative gene expression of these two
putative Cu-transporting P-type ATPases. Low Cu had no effect when Fe was replete, but
significantly counteracted the increased expression seen when the cells were Fe limited
(Figure 4.3, Table 4.2). However, after the Cu-limited cultures (but Fe replete) were
given a Cu addition of 500 nM, the transcript levels of these two genes dropped

significantly below control levels and remained low for the next 12 h (Figure 4.4).

Table 4.2 Statistic results (two-way ANOVA) of low Fe effect, low Cu effect, and the
Fe and Cu interaction on transcript abundance of putative genes involved in Cu and Fe
acquisition under long-term low Fe and/or low Cu conditions. Only significant effects are
listed (p < 0.05). Negative and positive effects are indicated with (-) and (+) symbol,

respectively. FexCu represents a significant interaction between the metal levels.

Gene Effect Gene Effect
Cu transporters High-affinity Fe transport components
TpCTR|24275 Fe (-) TpFRE1 Fe (-), Cu (+), FexCu
TpCTR|9391 Fe (-) TpFRE2 Fe (-), Cu (+), FexCu
TpCTP|263051 Fe (-), Cu (+), FexCu TpFET3 Fe (-), Cu (+)
TpCTP|264357  Fe (-), Cu (+), FexCu TpFTRI1 Fe (-)
Cu chaperones Zn transporters
TpCOX11|37139  Fe (-), Cu (+), FexCu TpZIP|32375 Fe (-), Cu (+)
TpCOX17264096 Fe (+), FexCu TpZI1P|268980 Fe (+), Cu (+), FexCu
TpZ1P|22351 Cu (+)
NRAMP TpZIP|263800 Cu (-)
TpNRAMP Fe (-) TpZIP|11826 Fe (-), Cu (+), FexCu
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4.3.4 Putative Cu chaperones

Copper chaperones deliver Cu to various Cu-binding proteins in the cell. In S. cerevisiae
and A. thaliana, CCSI1 delivers Cu to Cu/Zn SOD, ATX1 delivers Cu to the multicopper
oxidase on the Golgi membrane and COX17 delivers Cu to the mitochondrion for
cytochrome oxidase (Glerum et al. 1996, Wintz and Vulpe 2002). No homologs of ATX1
and CCS1 were found in 7. pseudonana, but a putative COX17 was identified
(TpCOX171264096). Using a text search, another putative Cu chaperone, a homolog of
COX11 which is required for cytochrome c oxidase assembly in mitochondria (Tzagoloff

et al. 1993), was identified (7pCOX11|37139).

COX17 is a 69-amino acid protein in yeast and contains an important functional motif
CCxC and a conserved twin CxoC motif that forms a helical hairpin (Heaton et al. 2000,
Banci et al. 2008). These conserved motifs were identified in 7pCOX17|264096 (Figure
4.6a) when it was aligned with its homologues from S. cerevisiae (gi|6325125), A.
thaliana (gi|15217755), C. reinhardtii (gi|]159484378 ) and O. lucimarinus
(g1|144578972). The TpCOX11|37139 is also highly related to its homologs from other
organisms (Figure 4.6b), and contains the essential Cu-binding motif CFCF (Carr et al.
2002).

The relative gene expression of putative chaperone 7pCOX17[264096 was down-
regulated by long-term low Fe, but this reduction was only observed when Cu was
sufficient (Figure 4.3, Table 4.2). In contrast, the 7pCOX11|37139 was up-regulated (1.5-
3 fold) by low Fe (Figure 4.3, Table 4.2). Low Cu only down-regulated the gene
TpCOX11|37139, but only when Fe was also limiting (Figure 4.3). In the Cu-resupply
experiment, the relative expression of 7pCOX17|264096 and 7pCOX11(37139 was
down-regulated significantly (1.5-2.5 fold) 6 hours and 1 hour, respectively, after the Cu
addition (Figure 4.4).
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Figure 4.6 Alignment of putative 7pCOX17|264096 (a) and 7pCOX11(37139 (b) from T.
pseudonana with other known or putative homogolous from S. cerevisiae (Sc), A.

thaliana (At), C. reinhardtii (Ch), and O. lucimarinus (Ol). Columns of conserved
residues are shaded. Residues found to be essential for function of COX17 and COX11
are indicated with arrows. Asterisks, colons and periods represent identical, strongly

similar and weakly similar residues, respectively.
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4.3.5 Putative ZIP transporters

The ZIP proteins are a large family of Zn>" and Fe*" transporters related to the originally
characterized ZRT and IRT transporters (Gaither and Eide 2001, Eide 2006, Hanikenne et
al. 2008). They are classified into four subfamilies (Guerinot 2000, Gaither and Eide
2001). To search for ZIP homologs in the 7. pseudonana genome, we used as queries 19
ZIP genes which are members of these four subfamilies. No homologs were found using
as queries genes belonging to the subfamily I. Only one gene (7pZIP|11826) was found
using as queries genes belonging to the subfamily II (CrZIP6 and HsZIP1-2). In contrast,
using genes of the gufA subfamily (CrIRT1-2, C¥rZRT4 and CrZIP2) as queries five
homologs were found, including 7pZIP|32375, TpZIP|268980, TpZIP|22351,
TpZIP|268192 and TpZIP|263800. In addition, homologs of these five putative T.
pseudonana ZIPS were found in O. lucimarinus genome by blastp search (protein ID are

86026, 42358, 12811 and 27890).

Most ZIP proteins contain eight predicted transmembrane domains (TM1-8) with
extracytoplasmic amino- and carboxy-terminal ends (Guerinot 2000). There is a long
cytoplasmic loop which is called the “variable region” between TM3 and TM4. The
sequences of this loop are not conserved but contain histidine residues which are often
involved in metal binding (Gaither and Eide, 2001). In TM4 and TMS5, highly conserved
histidine residue and adjacent polar or charged amino acids (e.g. serine and glutamic acid)
are essential for the functioning of ZIP proteins (Rogers et al. 2000, Gaither and Eide,
2001). These features are also present in the putative 7. pseudonana ZIPs. Four of the
ZIP-like proteins were compared with three Chlamydomonas and one Ostreococcus
protein (CrIRT1, CrIRT2, CrZRT4 and OIZIP|12811, Figure 4.7). Gene TpZIP|268192
was omitted because it is 93% identical to 7pZIP|32375 at the nucleotide level. These
four putative diatom ZIPs contain 6-8 predicted transmembrane domains, and a long
cytoplasmic loop with histidine residues between TM3 and TM4 (not shown). The highly
conserved amino acid His in TM4, and His and Glu in TMS5 are also present, but the

amino acid adjacent to His in TM4 is Asn instead of Ser, except for 7pZIP|268980
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(Figure 4.7). The sequence of TpZIP|11826 is closely related to subfamily II ZIPs from
human (HsZIP1-2) and green algae (CrZIP6) (Figure 4.8). The alignment shows that the
transmembrane domains are more conserved than loops, and 7pZIP|11826 contains His in
TM4 and TMS5 and Ser in TM4 that are conserved among most family members (Gaither
and Eide, 2000, 2001). All these features suggest that these five genes in 7. pseudonana
might be Zn transporters belonging to the ZIP family.

Long-term low Fe and/or low Cu affected differently the relative expression of these five
ZIP-like genes (Figure 4.9). Three putative ZIPs were affected by low Fe availability:
two of them (7pZIP|32375 and TpZIP|11826) were up-regulated, while one
(TpZ1P|268980) was down-regulated (Figure 4.9). Low Cu down-regulated three putative
ZIPs; one of them (7pZIP|268980) was affected by low Cu or low Fe to the same extent,
while two of them (7pZIP|11826 and 7pZIP|22351) were affected by low Cu only under
Fe deficient conditions. In contrast, under low Fe conditions, low Cu increased the
transcript abundance of 7pZIP|263800 relative to those with high Cu (Figure 4.9). In the
Cu resupply experiments, only 7pZIP|32375 increased significantly within 12 hours after
Cu addition (Figure 4.10).
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Figure 4.7 Alignment of Chlamydomonas gufA subfamily of ZIP proteins with putative

ZIPs of T. pseudonana and O. lucimarinus. Bars above the sequence indicate the

predicted transmembrane domains (TM 4-8). Columns of conserved residues are shaded.

Functional residues within predicted transmembrane domains are indicated with arrows.

Asterisks, colons and periods represent identical, strongly similar and weakly similar

residues, respectively.

104



Ha2IP1

HaeZIP2
CrZTP6|183171
CrZIPZ|196644
TpZIF|11826
Consensus

HaZIFL

HaZIFz
CErEZIPs | 183171
CrZIFZ 196644
TFZIF| 11828
Conpansuys

HaZIF1
HaZIP2
CErZIP6|183171
CrZIFI|156644
TRZIF|11828
Conasnsus

TME

HeZIF1 ABBTSELFIGI--- 3324
HaZIPZ LFMEIF jA--—= 204
CrZIDS | 183171 G 7, ey

CrEIPZ|196644
TEE2IF| 1182
Conpgensuys

Figure 4.8 Alignment of the sequences of predicted transmembrane domains (TM 4-8)
of subfamily ZIPs from Homo sapiens ZIP1 (gi|21361423) and ZIP2 (gi|7025327),
Chlamydomonas ZIP2 (JGI protein ID: 196644) and ZIP6 (JGI protein ID: 183174), with
their homolog 7TpZIP|11826 in T. pseudonana. Bars above the sequence indicate the
predicted TM4-8. Columns of conserved residues are shaded. Conserved functional
residues within predicted transmembrane domains are indicated with arrows. Asterisks,

colons and periods represent identical, strongly similar and weakly similar residues,

respectively.
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Figure 4.9 Steady-state relative gene expression of putative ZIP-like transporters in 7.
pseudonana under different Fe and/or Cu availability. Each bar represents the mean value
(£standard deviation) of three independent cultures. Within each gene, the four
treatments were compared statistically (ANOVA Tukey test); the same letters above bars
indicate treatments that were not statistically different (p < 0.05). Statistical analysis of
effect of Fe, Cu and their interactions (FexCu) on gene expressions by two-way ANOVA

see Table 4.2.
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Figure 4.10 The relative gene
expression of putative ZIP-like
transporters and putative
components of Fe transport
system in low Cu acclimated 7.
pseudonana supplied with
excessive Cu (500 nM). Each
point represents the mean value
(xstandard deviation) of three
independent cultures. Within
each gene, each point was
compared statistically with the
control (0 hours) (t-test); the
stars above points indicate

statistically different (p < 0.05).
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4.3.6 Relative gene expression of components of Fe uptake system

Components of the high-affinity Fe transporter system in 7. pseudonana consist of Fe
reductases (7pFRE1 and TpFRE2), the Fe transporter (7pFTR), and the membrane-bound
multi-copper ferroxidase (TpFET3). The effect of Fe availability on these components
has been well studied by Kustka et al. (2007), though the effects of Cu or the interaction
between Cu and Fe nutrition has not been explored. We therefore tested these genes using
our low Fe, low Cu, and both low Fe and Cu cultures. Under long-term low Fe and/or low
Cu, the transcript abundance of the putative high-affinity Fe transporter 7pFTR and the
putative divalent metal transporter 7pNRAMP were only affected by Fe availability.
Moreover, the degree of up-regulation of these genes in response to Fe limiting
concentrations was the highest (35 and 135 fold, respectively, versus 1.6-20 fold for all
other 14 genes) among the 16 genes tested in this study. The relative gene expression of
the Fe reductases encoding genes 7pFRE1 and 7pFRE2 were up-regulated (5-20 fold) by
low Fe regardless of the Cu levels (Figure 4.7a). However, as observed for some of the
Cu chaperone genes, co-limitation by Fe and Cu elicited a less pronounced up-regulation

of TpFRE2 than Fe limitation alone (Figure 4.11).

Similar Fe effects were also observed in the expression of the gene TpFET3, but the
degree of up-regulation was only 1.5 - 2 fold. In contrast, low Cu availability down-
regulated the expression of 7pFET3 under both Fe levels, and down-regulated the two Fe
reductases under Fe deficient condition (Figure 4.11, Table 4.2). In the Cu re-supply
experiments under Fe sufficient condition, the Cu addition down-regulated (2 fold) the
relative gene expression of 7pFRE2 after 3 hours and kept this level throughout the rest
of the experiment (Fig 10), while it did not affect the gene expression of 7pFRE]1. The
transcript level of 7pNRAMP and TpFET3 also dropped 3 hours after the Cu addition.
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Figure 4.11 Steady-state relative gene expression of putative components for Fe
transport in 7. pseudonana under different Fe and Cu availability. Each bar represents the
mean value (+standard deviation) of three independent cultures. Within each gene, the
four treatments were compared statistically (ANOVA Tukey test); the same letters above
bars indicate treatments that were not statistically different (p < 0.05). Statistical analysis
of effect of Fe, Cu and their interactions (FexCu) on gene expressions by two-way

ANOVA see Table 4.2.
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4.4 Discussion

Candidate genes for Cu chaperones, as well as Cu and Zn transporters were identified
using transmembrane domains, conserved Cu or Zn binding motifs and the right order of
motifs in known homologs in fungi, green algae, plants and animals. The effects of long-
term low Fe and Cu levels on the relative expression of these genes were also tested. In
general, the effects of low Cu on gene expression were more subtle (1.5-2.5 fold), but
still statistically significant, than those of low Fe (1.5- 135 fold). We attribute this result
to the significantly slower growth rates achieved by our Fe limited cultures (41%
reduction relative to the controls) than our low Cu treatments (0 and 15% reduction in
low Cu/high Fe and low Cu/low Fe treatments, respectively). This is due to the trace
metal contamination in our cultures (~ 1nM Fe and Cu) relative to the cellular demand of
T. pseudonana for Fe (14 £ 0.1 umol Fe:mol C, Maldonado and Price 1996) and Cu (1.88
+ 0.8 umol Cu:mol C, Annett et al. 2008). Interestingly, low Fe and Cu availabilities had
opposite effects (Table 4.2, Figure 4.3, 4.8 and 4.11). Most of these genes (12 genes)
were up-regulated and 2 genes were down-regulated by low Fe. In contrast, no Cu effect
was observed when Fe was replete except for TpZIP|268980 and TpFET3, but 8 genes
were down-regulated and 2 genes were up-regulated by low Cu under Fe deficient
conditions. These data suggest a link between Cu and Fe metabolism, as well as a

possible interaction among Zn, Cu and/or Fe transport and homeostasis.
4.4.1 Potential components of Cu acquisition system in 7. pseudonana

In yeast, Cu acquisition includes a low-affinity and a high-affinity Cu uptake system
(Puig and Thiele 2002). The high-affinity system is more active in Cu deficient cells, and
is comprised of cell surface Cu®" reductases and Cu” permease-CTR family transporters
(Rees and Thiele, 2004). In this study, we indentified two CTR-like Cu transporters
TpCTR|24275 and TpCTR|9391. Although the size of these two CTR-like genes is
different from other known CTR transporters and the sequence similarity with other

homologues is low, these putative CTR-genes have the conserved CTR Cu-binding
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motifs and transmembrane domains (see results). In addition, the expression of these two
genes was down-regulated by an increase in Cu from 1 to 500nM (Figure 4.4), as
observed in other organisms (Dancis et al. 1994, Sancenon et al. 2003, 2004, Page et al.
2009); thus these genes are likely to be an integral part of Cu transport in 7. pseudonana.
However, the down-regulation of the expression of these genes in the short-term Cu
resupply experiments is not consistent with the results observed in the steady-state
experiments, in which low Cu had no effect on their expression. This difference may be
explained by the Cu concentrations in the steady-state experiments (1 nM and 11.2 nM
for Cu deplete and replete medium, respectively) versus the Cu resupply experiments
(from 1 nM to 500 nM Cu). According to our Cu uptake kinetics study, two Cu uptake
systems exist in 7. pseudonana (Guo et al. 2010). The K,, of the high-affinity Cu
transport system ranges from 52-373 nM, depending on the growth conditions. Thus,
given that the Cu concentrations in the steady state experiments were below the K, no
significant changes in the relative gene expression of these two CTR-like genes might be
expected. This conclusion is also supported by the similarity between the steady-state Cu
uptake rates (pssCu) of 7. pseudonana under 2 and 11.2 nM Cu conditions (3.48 + 0.52
versus 2.92 + 0.29 and 1.78 + 0.73 versus 2.51 + 0.73 x10?° mol Cu pm™ d™' under
sufficient and deficient Fe condition, respectively) as found in Annett et al. (2008). Given
the gene expression, physiological Cu uptake data, and functional structure of these two
CTR-like genes, we propose that they encode high-affinity Cu transporters in 7.
pseudonana. To verify this function, functional complementation experiments in loss-of-

function yeast mutants are needed.

In the high-affinity Cu transport system in yeast, Cu is reduced from Cu*" to Cu’ by
plasma membrane Fe reductases (ScFRE1-2) before import into the cell (Hassett and
Kosman 1995, Georgatsou et al. 1997). In the green alga Chlamydomonas, both Cu*” and
Fe’" are reduced by the same reductase (Weger, 1999). In Arabidopsis, the Fe reductases
AtFRO2 and AfFRO3 exhibit Cu reductase activity under Fe deficiency (Yi and Guerinot
1996; Robinson ef al. 1999). In addition, Cu and Fe reductase activities in the plasma

membrane of pea root are also increased under both Fe and Cu depletion (Welch et al.
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1993, Cohen et al. 1997). Thus, plasmalemma bound ferric reductases often reduce Cu®".
The putative Fe reductases in 7. pseudonana (TpFRE1 and TpFRE2) are homologs to the
yeast ScFRE (Kustka et al. 2007), but only 7pFRE2 was down-regulated by Cu addition

in the Cu resupply experiment (Figure 4.10). This suggests that 7pFRE2 may function as

a Cu reductase in the high-affinity Cu transport system in 7. pseudonana.
4.4.2 Intracellular Cu transporters and Cu chaperones in 7. pseudonana

Two putative Cu-transporting P-type ATPases (TpCTP|263051 and TpCTP|264357) were
identified in the 7. pseudonana genome. Their involvement in Cu homeostasis is
suggested by their down-regulation after Cu addition in the Cu resupply experiment
(Figure 4.8). The Cu-transporting P-type ATPases normally transport Cu within the cell
(Lutsenko and Petris, 2003, Abdel-Ghany et al. 2005). In yeast, the Cu-transporting P-
type ATPase ScCCC2 resides in the trans-Golgi network and delivers Cu to the multi-Cu
ferroxidase Fet3p. The homologs of ScCCC2 in Arabidopsis are AtRAN1 and AfHMAS.
The AtRAN1 encoded protein is believed to be localized in the ER and delivers Cu to the
Cu-binding ethylene receptors (Rodriguez et al. 1999, Chen et al. 2002), whereas
AtHMAYS is believed to be in the plasma membrane or in a late secretory compartment
(Pilon et al. 2006). In plants Cu is delivered to plastocyanin and Cu/Zn superoxide
dismutase by two additional Cu-transporting P-type ATPases, AfPAA1 and AtPAA2,
which transport Cu across the plastid envelope and thylakoids, respectively (Abdel-
Ghany et al. 2005). However, the genes encoding plastocyanin and Cu/Zn superoxide
dismutase are not found in the 7. pseudonana genome, thus Cu might not be needed for
these proteins. In addition, no signal peptides were found in these Cu-transporting P-type
ATPases, which means that they are either cytoplasmic or mitochondrial. Thus, these two
putative Cu-transporting P-type ATPases in 7. pseudonana may function to deliver Cu

intracellularly to various compartments for the synthesis of Cu containing proteins.

In the mitochondria, cytochrome ¢ oxidase and its Cu cofactor are critical for cellular

survival. The Cu chaperone COX17 delivers Cu to the mitochondrial inter-membrane
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space (Harrison et al. 1999). Another Cu chaperone, COX11, is a membrane-bound
mitochondrial Cu'-binding protein in yeast (Carr et al. 2002) and may receive Cu from
COX17 and assemble Cu into cytochrome c oxidase (Carr et al. 2002). The relative
expression of putative 7pCOX17|264096 and 7pCOX11|37139 was down-regulated by
the 500 nM Cu addition (Figure 4.4), but was unaffected by acclimation to low Cu levels,
compared to Cu and Fe replete levels (Figure 4.3). Copper redistribution was observed
previously in Chlamydomonas, in which Cu was reallocated from plastocyanin to
cytochrome oxidase under Cu deficient condition (Merchant 2006). Copper redistribution
may also occur in 7. pseudonana by changing the expression of these Cu-transporting P-

type ATPases and Cu chaperones.

4.4.3 Transcriptional activation of Fe transport-related genes in response to Cu

deficiency

The gene expression of putative Fe permeases (7pFTR), Fe reductases (7pFRE1 and
TpFRE2), multi-Cu ferroxidases (TpFET3) and 7pNRAMPs was up-regulated under Fe
deficient conditions (Figure 4.11), indicating the activation of the high-affinity Fe uptake
system. These results are consistent with those of Kustka et al. (2007) with 7pFET3 as an
exception. In Kustka et al. study (2007), Fe deficiency did not change the transcript
abundance of TpFET3, while in our study, low Fe increased its abundance by 1.5 and 2-
fold when Cu was sufficient and deficient, respectively. However, this change is marginal
compared to the results of Maldonado et al. (2006) in which a 60-fold increase was
observed. We are unable to explain this discrepancy, as similar concentrations of free Cu

are found in our culture media.

The gene expression of some of these Fe transport-related genes was regulated by Cu
availability. TpFET3, TpFREI and TpFRE2 were down-regulated by long-term low Cu
(Figure 4.11), and TpFET3, TpFRE2, and TpNRAMP were down-regulated by short-
term Cu addition (Figure 4.10), suggesting that Cu may also involved in Fe homeostasis.

As found in our study, Cu deficiency did not affect the expression of the Fe permease
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(FTR) in Chlamydomonas (La Fontaine et al. 2002). Meanwhile, the effect of Cu
deficiency on the transcript abundance of 7pFET3 (two-fold down-regulation) was
opposite to that (~2 to 3-fold up-regulation) of CrFOX (the homolog of FET3 in
Chlamydomonas, La Fontaine et al. 2002). However, in accordance with our results, the
protein abundance of CrFOX was about 10-fold lower in Cu deficient cells (La Fontaine
et al. 2002), suggesting that the multi-Cu ferroxidase abundance was controlled by Cu
levels at the post-transcriptional level (La Fontaine et al. 2002). This might also be the
case for TpFETS3.

4.4.4 Copper and Fe deficiency induce changes in Zn transporters

Some members of ZIP family in yeast and plant are involved in Cu uptake (Grotz et al.
1998, Waters and Eide, 2002, Wintz et al. 2003). In yeast, ScCFET4 is involved in low-
affinity Cu transport (Hassett et al. 2000), and is a Zn and Fe transport protein (Waters
and Eide, 2002). In the plant Arabidopsis, AtZIP2 and AtZ1P4 may function in Cu uptake
due to their complementation of the yeast CTR1 mutant, which is defective in high-
affinity Cu uptake (Wintz et al. 2003). In our study, the ZIP-like gene 7pZIP|263800 was
up-regulated by Cu deficiency when Fe was also low, suggesting that it is involved in Cu

uptake under low Fe condition.

The putative ZIPs TpZIP|32375 and TpZIP|11826 were up-regulated by Fe deficiency,
while 7pZIP|268980 was down-regulated. Zinc homeostasis changes induced by Fe
deficiency were observed in Arabidopsis (Buckhout et al. 2009). More specifically, the
transcript abundance of one Zn plasma membrane efflux carrier and two Zn vacuolar
influx carriers was up-regulated by Fe deficiency, while Zn plasma membrane influx
carrier was down-regulated (Buckhout et al. 2009). The regulation induced by Fe was
defined as a secondary effect (Yang et al. 2010), where Zn uptake and efflux capacity has
to be adjusted when the Zn uptake exceeded nutritional cellular requirement. The
increase in Zn uptake was mediated by the up-regulation of a low affinity divalent

transporter (4¢IRT) under Fe deficiency (Korshunova et al. 1999, Buckhout et al. 2009,
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Yang et al. 2010). In the oceanic diatom 7. oceanica, it has been suggested that Fe*” may
enter the cell through a putative divalent metal transporter under Fe deficiency (Lane et al.
2008). In T. pseudonana, cellular internalization of Fe** by divalent metal ion transporters
(ie. NRAMP) has been suspected, though it was hypothesized that such transporters

might instead participate in mobilizing Fe out of intracellular vacuoles (Kustka et al.
2007). At present the function of these Fe regulated ZIP genes in 7. pseudonana is
unknown. If these genes encode for Zn transporters similar to those in Arabidopsis, the
putative 7pZIP|32375 and TpZIP|11826 may mediate cellular Zn efflux at the plasma
membrane or vacuolar Zn influx, while 7pZIP|268980 may function as a Zn uptake

transporter at the cell surface.

In this study, we identified genes encoding the putative CTR-like Cu transporters, Zn
transporters, and Cu chaperons in the diatom 7. pseudonana. We also postulate that genes
showing differential expression in response to different Cu concentrations are most likely
to be involved in Cu homeostasis. In addition, a possible strong link between Cu and Fe
metabolism was observed. Although these putative genes are proved to be good
candidates for Cu transporters and chaperones on the basis of sequence analysis and gene
expression, there are still many unresolved questions. The position and functions of the
putative CTR transporters and P-type Cu transport ATPases are not known, and how
these proteins are regulated at the post-translational level remains to be investigated.
Performing yeast complementation experiments, using fluorescent metal binding dyes to
determine Cu distribution within cells, and using proteomic approaches to study specific
responses to Cu and/or Fe deficiency in 7. pseudonana may help our understanding of the

roles that each transporter and chaperone is playing in Cu homeostasis.
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Chapter 5

Functional complementation of Saccharomyces
cerevisiae ctrlActr3A double-mutant (MPY17) by

expression of Thalasiossira pseudonana CTRs
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5.1 Introduction

Cu transporters (CTR) are important components of cellular Cu homeostasis (Puig and
Thiele, 2002, Merchant et al. 2006, Puig et al. 2007). They control Cu uptake from the
environment, as well as Cu sequestration and distribution inside the cell. In eukaryotes,
most CTR family members are documented to be canonical Cu permeases (Puig and
Thiele 2002, Page et al. 2009, Puig et al. 2007). They were first found in the yeast
Saccharomyces cerevisiae, a model organism for investigating Cu transport mechanisms.
Cu transporters in S. cerevisiae include ScCTR1 and 3, which are high-affinity Cu
transporters in the plasma membrane, and ScCTR2, whose sequence is similar to CTR1
but functions as a low-affinity Cu transporter in the vacuole membrane (Kampfenkel et
al., 1995). Later, more CTR homologs were indentified in animals, plants, fungi and
green algae by functional complementation of a high-affinity Cu transport deficient S.
cerevisiae mutant (Labbe et al. 1999, Zhou and Gitschier, 1997, 2001, Lee et al. 2000,
Sancenon et al. 2003, Page et al. 2009). Two CTR proteins were indentified in humans,
including ~ACTR1 and ACTR2 (Zhou and Gischier 1997). Protein ACTR1 is the homolog
of ScCTR1 and is localized to the plasma membrane. Protein #CTR2 is similar to #CTR1,
and 1s localized to the plasma membrane and in late endosomes and lysosomes, but its
function is currently unknown. In the plant Arabidopsis, six CTR members are known as
COPT 1-6 (Sancenon et al. 2003, Puig et al. 2007). Among these, COPT1 and COPT2 are
believed to be Cu transporters localized to the plasma membrane, as they are able to fully
rescue the growth of the high-affinity Cu transport deficient yeast ctr/A mutant. In
contrast, COPT3 and COPT5 may function in intracellular Cu transport, as these two
partially rescue the growth of the ctr/A ctr3A yeast mutant (Sancenon et al. 2003, Puig et
al. 2007). The functions of COPT4 and COPT®6 are still unknown (Puig et al. 2007). Four
CTR homologs (CACTR1-3 and ChCOPT1) were indentified in the green algae
Chlamydomonas. ChCTR1 and ChCTR2 are established as the Cu assimilatory
transporters and localized to the plasma membrane, while CACTR3 may be a soluble

protein. To date CTR proteins have been identified and characterized in many organisms,
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including the fission yeast Schizosaccharomyces pombe (SpCTR4, SpCTRS and SpCTR6,
Zhou and Thiele 2001, Bellemare et al. 2002, Beaudoin et al. 2006), the rice Oryza sativa
(OsCOPT1 and OsCOPTS, Yuan et al. 2010), the fruit fly Drosophila melanogaster
(DmCTRIA, B and C, Zhou et al. 2003), the mouse Mus musculus (mCTR1, Lee et al.
2000), the lizard Podarcis sicula (PsCTR1, Riggio et al. 2002), and the bony fish Danio
rerio (DrCTR1, Mackenzie et al. 2004).

Although the size and the amino acid sequences of CTR proteins vary among family
members, most CTR family proteins have structurally conserved domains and Cu-
binding motifs (Dumay et al. 2006, DeFeo et al. 2007). CTRs have three transmembrane
(TM1-3) domains (Dumay et al. 2006), an extracellular N-terminus and an extracellular
short loop between TM2 and TM3 (Figure 5.1a). The second transmembrane domain
(TM2) contains a conserved MxxxM motif which is important for Cu uptake (Puig et al.
2002), while TM3 contains a conserved GxxxG motif that is required for the trimeric
assembly of CTR molecules (Aller et al. 2006). These two motifs formed the CTR-
signature motif MxxxM-x;,-GxxxG (Figure 5.1 and 5.2) (De Feo et al., 2007). The
extracellular N-terminus contains Met and/or Cys-riched Cu-binding motifs. Most CTR
members contain Met-riched motifs in N-terminus (MxM and/or MxxM, Dumay et al.
2006). These motifs are repeated eight times in ScCTR1 (Dancis et al. 1994b), twice in
hCTRI1 (Zhou and Gischier 1997) and mCTR1 (Lee et al. 2000), and five times in
SpCTR4 (Labbe and Thiele 1999). In ScCTR3 , these motifs are absent, and instead, an
abundance of cysteine residues exist throughout the protein and within its putative
transmembrane domains (11 Cys of 241 total residues, Koch et al. 1997). In the green
algae Chlamydomonas, Cys and Met-containing motifs exist in the N-terminus; the most
common form is a novel Cys-Met motif (CxxMxxMxxC-xs,-C Page et al. 2009). In the
intracellular C-terminus of CTR proteins, some functionally important charged amino
acids, cysteine and histidine, exist (Pefias et al. 2005). These conserved characteristics
and functions of CTR proteins in animal, plant, green algal and fungal genomes suggest
that CTRs perform a common and essential role in eukaryotes. In addition, genetic,

biochemical and electron microscopy analyses have suggested that CTR proteins
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assemble as a homotrimer and form a pore in the membrane (Figure 5.1b, Nose et al.
2006, Dancis et al. 1994a, Pena et al. 2000, Aller and Unger 2006). With Cu
accumulation experiments, CTRs have also been suggested to be highly specific for Cu”

(Eisses and Kaplan 2002, Lee et al. 2002, Page et al. 2009).
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Figure 5.1 Membrane topological structure model (a) and homo-trimer structure (b) of
CTR family proteins. Extracellular Met-enriched motifs and intracellular Cys/His motifs

are indicated by small gray boxes (Redrawn from Kim et al. 2008).
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Figure 5.2 Signature motif MxxxM-x;,-GxxxG in transmembrane domain (TM2 and

TM3) of CTR family proteins. Ch, Chlamydomonas reinhardtii; Ol, Ostreococcus

lucimarinus; Tp, Thalasiossira pseudonana; h, Homo sapiens; m, Mus musculus; Sp,

Schizosaccharomyces pombe; At, Arabidopsis thaliana; Os, Oryza sativa; Sc,

Saccharomyces cerevisiae. Asterisks, colons and periods represent identical, strongly

similar and weakly similar residues, respectively.
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The Cu affinity, half-saturation constant (K;,), of CTR proteins is ~ 1-5 uM in yeasts,
humans and plants (Lin and Kosman 1990, Dancis et al. 1994a, Kampfenkel et al. 1995,
Zhou and Gitschier 1997, Eisses and Kaplan 2002, Lee et al. 2002, ) and 0.2 uM in
Chlamydomonas (Hill et al. 1996). The activity of these CTR proteins can be regulated
by Cu concentration at the transcriptional and post-transcriptional levels. However, the
patterns of regulation of CTR proteins by Cu are not universal. For example, in yeast,
Arabidopsis and Chlamydomonas, the transcription of CTR proteins is activated when Cu
is deficient and repressed when Cu is sufficient (Dancis et al. 1994a., Labbe et al. 1997,
Page et al. 2009, Yamaguchi-Iwai et al. 1997, Zhou and Thiele 2001, Sancenon et al.
2004). In contrast, such regulation is not found in mammals (Lee et al. 2000, Tennant et
al. 2002). At the post-transcriptional level, for ScCTR1 and #CTR1, endocytosis is
induced by low Cu (0.1-1 uM), while degradation at the plasma membrane is induced by
high Cu (10 uM or more for ScCTR1 and 100uM for hCTR1, Ooi et al. 1996. Petris et al.
2003). Such Cu-induced degradation of the CTR proteins would downregulate or prevent

excessive Cu uptake when Cu level is elevated (Petris et al. 2003).

The function of the CTR family proteins and their multi-level regulation have been well
studied in many organisms, but not in marine phytoplankton. Our results of Cu uptake
kinetics in the marine diatom 7. pseudonana suggest that a high-affinity Cu transport
system does exist, with a K;, of ~ 0.2 uM. We have also identified two putative CTR
homologs in the genome of this diatom (7pCTR|24275 and TpCTR|9391; Chapter 4),
using blast searches and the characteristic functional motif of known CTR genes.
TpCTRs contain three transmembrane domains (TM1-3, Figure 4.1a of Chapter 4) and
the CTR-signature motif MxxxM-x,-GxxxG. The N-terminus of 7pCTR proteins
includes metal-binding motifs containing Cys, Met and His, although these motifs are
different from those of CTR proteins of S. cerevisiae (ScCTR1, gi|1345859) and A.
thaliana (AtCOPT]1, gi|15237802). However, an alignment of 7pCTR|24275 with
homologs from Phaeodactylum tricornutum, Ostreococcus lucimarinus, Micromonas
pusilla and Perkinsus marinus indicates that it shares a number of putative conserved Cu-

binding residues and motifs, including HxH, Cx¢;CxxxC, HxxxC and CxssMxM (Figure
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4.2 of Chapter 4). Indeed, these are most similar to the Cys-and Met-containing motifs of
Chlamydomonas (CrCTR1, jgi|196101). In addition, except for two Met-containing
motifs (MxxM) and one Cys and His-containing motif (Cx4HxsH), the N-terminal motifs
of TpCTR|9391 are most similar to that of COPT1 in the green alga Chlamydomonas
(Page et al. 2009) and the vascular plant Arabidopsis (Kampfenkel et al. 1995), which
contain His and Met-riched Cu binding motifs
(Mx3Mx;HxMHxMxHx,MHHxMxHxMxH, Hx,HxMxMM, and MxMx;H). This
combined evidence points to these two putative genes (7pCTR|24275 and TpCTR|9391)
as the candidates genes of CTR transporters in 7. pseudonana. Moreover, the
transcription levels of these two genes were down-regulated under excess 500 nM Cu
addition. Given the gene expression, physiological Cu uptake data, and functional
structure of these two CTR-like genes, we hypothesized that these two putative CTR-like
genes encode the high-affinity Cu transporters in 7. pseudonana. In order to test their
function, we assessed the ability of 7pCTR|24275 and TpCTR|9391 to complement the
inability of S. cerevisiae mutant MPY 17 to grow on non-fermentable carbon sources due

to their high-affinity Cu transport deficiency.

5.2 Materials and Methods

5.2.1 Organisms and growth conditions

Thalasiossira pseudonana clone 3H (CCMP1335) was acclimated to Fe replete/low
Cu conditions (pFel9 pCul5.1) under continuous light at 150 pmol photons m? s™ at
1941 °C. The growth medium was sterile, artificial seawater AQUIL (Price et al.
1988/1989). The medium was prepared and had identical chemical composition as that
described in Maldonado et al. (2006). The yeast strain used in this study was MPY 17
(genotype MATa gall trpl-1 his34200 ura3-52 ctrl::ura3::Kn" ctr3::TRPI his3 lys2-801
CUPI") (Pefia et al. 1998). Yeast cells were kindly provided by Dr. Thiele (Duke

122



University) and were maintained on YPD plates (1% yeast extract, 2% bactopeptone and
2% dextrose). Synthetic complete plates lacking uracil (SC-ura) were used for the
selection of yeast transformants. YPEG medium (1% yeast extract, 2% bactopeptone, 2%
ethanol and 3% glycerol) was used to test the growth of the yeast transformants with

target CTR genes.
5.2.2 Cloning of putative CTR-like genes in 7. pseudonana

Total RNA was isolated from 7. pseudonana using the RNAqueous™ kit (Ambion,
Austin, TX, USA) followed by DNase treatment for 1 hour using TURBO-DNA-free kit
(Ambion). cDNAs were then synthesized using Superscript II (Invitrogen, Carlsbad, CA,
USA). To clone the putative CTR-like genes, PCR reaction was carried out using the
cDNA as a template with the primers 7pCTR|24275 -F (TAATGAAAACGACCGTGC
TGACA), TpCTR|24275-R (CCTTACAAAGTGAACTGACAGCA), TpCTR|9391-F
(CTATGAGTGAATCCACGTCATCA) and 7pCTR|9391-R (AATCACGGATCCTCC
GGTGGCAT). Pfu DNA polymerase (Invitrogen) was used in the PCR reactions
following the manufacture’s instruction. The PCR products were then analyzed by
electrophoresis and purified using the QIAquick PCR Purification Kit ( Qiagen) for the

cloning.

The purified PCR products were inserted into TOPO® TA cloning vector pPCR®2.1
(Invitrogen) and then transformed into One Shot® TOP10 Chemically Competent
Escherichia coli cells (Invitrogen). The transformants were cultured and selected on LB
agar plates with 50 pg/mL kanamycin overnight at 37°C. Five to ten colonies were
picked for each gene and grown overnight at 37°C in 5 mL LB media with ampicillin.
The recombinant vectors were then isolated using the QIAprep Spin Miniprep Kit
(Qiagen) and sequenced (Macrogen, USA) to confirm the DNA sequence of the target

genes.
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5.2.3 Yeast plasmid construction

The predicted open reading frames of two putative CTR-like genes were amplified by
PCR from the recombinant vector pCR®2.1 with the forward primer
AGAACTAGTAAAAATGAAAACGACCGTGCTGACA and reverse primer
CGATAAGCTTCCTTACAAAGTGAACTGACAGCA for TpCTR|24275, and forward
primer AGAACTAGTAAAAATGAGTGAATCCACGTCATCA and reverse primer
CGATAAGCTTAATCACGGATCCTCCGGTGGCAT for TpCTR|9391 to attach the
restriction enzyme sites. All the amplified fragments and vector p416GPD were digested
with Spel and HindIIl, and ligated using T4 ligase (Invitrogen). The resultant vectors
were named p+7pCTR|24275, p+TpCTR|9391.

5.2.4 Functional complementation in yeast

Plasmid p416GPD with or without the target CTR genes were transformed into the yeast
mutant MPY 17 using the yeast transformation kit (Yeast 1, Sigma). Transformed MPY 17
cells were cultured and selected on SC-ura plates and then tested for growth on YPEG
plates. Plates were incubated for 2 days at 30 °C and photographed. Transformants with
vector p416GPD were negative controls. Transformants with vector p416GPD and yeast

CTRI (p+ScCTR1) were positive controls.

5.2.5 Amplification of 7. pseudonana CTR-like genes from transformed yeast cells

Transformed yeast cells with vector p416GPD, or with vector p416GPD and putative
CTR gene (TpCTR|24275 or TpCTR|9391) were cultured in 100 mL SC-ura media. The
cells were harvested by centrifuge for RNA extraction when the ODg of cultures
reached 1.6. RNAs were isolated and cDNAs were then synthesized using the method
described above. Putative CTR genes 7pCTR|24275 or TpCTR|9391 were amplified by
PCR using the identical primers for gene cloning (listed above). The PCR products were

then analyzed by electrophoresis and photographed.
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5.3 Results and Discussion

Compared to the negative control cells (yeast mutant MPY17), transformed yeast cells
with plasmid p416GPD or with plasmid p416GPD and target genes were able to grow on
SC-ura plates (Figure 5.3), indicating that the transformation was successful and that the
plasmid was expressed in the yeast. However, the transformants with plasmid and
putative 7. pseudonana CTR-like genes (7pCTR|24275 and TpCTR|9391) were unable to
grow on YPEG plates, which contained the non-fermentable carbon sources ethanol and
glycerol (in Figure 5.1). The basic principle of the functional complementation
experiments is that yeast growth depends on the uptake of the substrate of the transporter
of interest. The functional complementation analysis in this study was performed in the
yeast strain MPY 17 which is a S. cerevisiae double-mutant, lacking the high affinity Cu
transport genes CTR1 and CTR3 (Pena et al. 1998). A consequence of the high affinity
Cu uptake defect is the absence of functional cytochrome ¢ oxidases which are essential
for the proper functioning of the mitochondrial respiratory electron transport chain. Thus,
this yeast mutant can not grow on YPEG plates because it lacks functional cellular
respiration. However, the mutation can be complemented by the expression of CTR-type
Cu transporters from other organisms, including CTR genes from humans, mice, fission
yeasts and plants (Zhou and Gitschier, 1997, Zhou and Thiele 2001, Lee et al. 2000,
Sancenon et al. 2003). Our two putative CTR genes did not complement yeast Actrlctr3
mutant MPY 17, indicating that these two genes can’t function as high-affinity Cu

transporters in this mutant.
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SC-Ura YPEG + Cu YPEG

Figure 5.3 Non-functional complementation of the yeast mutant MPY 17, which is
deficient in high affinity Cu transport, by putative 7. pseudonana CTR-like genes
TpCTR|24275 and TpCTR|9391. MPY 17 cells and transformed MPY 17 cells with vector
p416GPD were negative controls. Transformed MPY 17 cells with vector p416GPD and
yeast CTR1 (ScCTR1) were positive control. Yeast cells were grown for 2 days on
glucose SC-ura select plates, ethanol/glycerol (YPEG) plates and Cu-enriched
ethanol/glycerol (YPEG + 100 uM CuSOy) plates.
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The expression of these genes in yeast mutant cells includes two levels: the transcript and
the protein level. In order to test the expression of our target CTR genes in the yeast
mutant at the transcription level, we amplified the putative 7pCTR|24275 and
TpCTR|9391 from the transformed yeast cells. The length of ORFs of 7pCTR|24275 and
TpCTR|9391 are 2310 and 1032 bp, respectively. Both putative CTR genes can be
amplified from the cDNA of transformed yeast cells (Figure 5.4), suggesting that the
plasmid construction and yeast transformation were successful, and indicating that both
putative CTR-like genes were expressed at the transcript level. We therefore propose
some possible explanations for our functional complementation results. One possibility is
that these two 7. pseudonana CTR-like genes (7pCTR|24275 and TpCTR|9391) are Cu
transporters but are not localized to the plasma membrane. They may be localized to the
tonoplasts to maintain Cu homeostasis in the cytosol, like gene ScCTR2, a low-affinity
Cu transporter on the tonoplast of yeast cells (Kampfenkel et al., 1995). Another
possibility is that these two CTR proteins are localized in the plasma membrane, but do
not function as high-affinity Cu transporters. Alternatively, these proteins may function
as high-affinity Cu transporters on the plasma membrane, but they can’t work
independently, as they might need other components to form a heteromeric protein
complex to perform the Cu transport function. The heteromeric CTR protein complex has
been observed in S. pombe and rice Orza sativa (Zhou and Thiele 2001, Loannoni et al.

2010, Yuan et al. 2011).

In general, it is suggested that S. cerevisiae CTR1, CTR3, and human CTR1 are
homotriplexes (Figure 5.1). They work independently as high-affinity Cu transporters and
appear to be functionally redundant (Knight et al. 1996, Pena et al. 2000). In addition, Cu
transporters can be heteromeric protein complexes. The Cu transport complex containing
at least two distinct partners was first found in S. pombe, in which CTR4 and CTRS form
a dual partner complex (Zhou and Thiele 2001, Loannoni et al. 2010). The co-expression
of both subunits is required for their function as a Cu transporter: when CTRS is absent,
the heterologous expression of only CTR4 in Cu-transport defect S. cerevisiae mutant

cann’t complement the yeast Cu uptake. Meanwhile, the presence of both CTR4 and
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CTRS5 determines their proper localization to the plasma membrane; otherwise, each
protein is confined to an intracellular compartment (Zhou and Thiele 2001). This kind of
heteromeric protein complex was also identified in rice O. sativa which contains 7 COPT
proteins (COPT1-7). The Cu-transport defect phenotype of yeast S. cerevisiae mutant can
be complemented by co-expression of proteins COPT1, COPTS5 and protein XA13 (Yuan
et al. 2010), and co-expression of COPT2, COPT3, or COPT4 with COPT®6, respectively
(Yuan et al. 2011). Thus, further complementation experiments of the co-expression of 7.
pseudonana putative CTR genes may be needed to test their function as a high-affinity
Cu transporter. Meanwhile, determination of their cellular location and their expression at
the protein level in 7. pseudonana, grown under different Cu levels will be helpful to

elucidate their functions.

TpCTR|24275

ToCTR|9391 &= Row

Row L : [ —
cDNA RNA
—

Purified

Purified RNA
RNA

Figure 5.4 PCR products of putative CTR-like genes 7pCTR|24275 and TpCTR|9391
from cDNA of transformed yeast cells. Row RNA (RNA+DNA) and purified RNA are

positive and negative controls, respectively.
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Chapter 6

General conclusion
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6.1 Summary of major findings and contributions

To date, most investigations on Cu and marine phytoplankton have focused on Cu
toxicity. Laboratory and field studies have shown that high dissolved Cu(II)
concentrations in some coastal areas inhibit the growth of certain phytoplankton taxa
(Brand et al. 1986) and thus affect phytoplankton community composition (Sunda et al.
1981; Moffett et al. 1997). In turn, marine phytoplankton may influence the speciation of
dissolved Cu by releasing strong Cu-binding organic ligands in response to Cu toxicity
(Moffett and Brand 1996; Croot et al. 2000; Vasconcelos and Leal 2001). For example,
some studies indicated that phytoplankton, including E. huxleyi, T. pseudonana, and
Dunaliella sp., could produce glutathione and other thiol-containing compounds in
response to Cu additions (Leal et al. 1999, Ahner et al. 2002, Dupont and Ahner 2005).
Furthermore, metabolic and transcriptional responses to Cu toxicity have also been
investigated in some marine diatoms and cyanobacteria (Reinfelder et al. 2000, Davis et
al. 2006, Stuart et al. 2009). However, less is known about the physiological roles of Cu
in marine phytoplankton, and the mechanism of Cu assimilation at physiological and

molecular (gene and protein) levels.

Copper is an important redox active transition metal, acting as a cofactor in many
enzymes that scavenge reactive oxygen species or catalyze redox reactions. In addition
to the well known role of Cu in respiration for most organisms (cytochrome oxidase,
Stryer 1988), earlier studies on marine phytoplankton also showed that Cu is involved in
the detoxification of superoxide radicals (i.e., Cu-containing superoxide dismutases;
Chadd et al. 1996), and the breakdown of organic N sources (Palenik et al. 1988, 1989).
The importance of Cu for phytoplankton metabolism has been emphasized in recent years,
especially for phytoplankton in the open ocean and those experiencing Fe limitation. For
example, a recent study has shown that Cu is essential for photosynthesis in the oceanic
diatom, 7. oceanica, which uses the Cu-containing electron carrier, plastocyanin, instead
of the most widely used Fe containing cytochrome ¢4 (Peers and Price 2006). The

replacement of Fe with Cu allows 7. oceanica to lower its Fe requirement, and thus grow
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more efficiently in the low Fe waters that it inhabits. Copper is also important for some
phytoplankton when experiencing Fe limitation, as their high affinity Fe transport system

requires Cu for the proper functioning of Cu-containing ferric oxidases.

The micronutrient iron limits primary productivity in 30% of the global ocean. In these
regions, phytoplankton may have a higher demand for Cu in order to acquire Fe more
efficiently, using their high affinity Fe transport system. In addition, the concentrations of
Fe are significantly lower in the open ocean than in coastal waters. The replacement of Fe
with Cu in oceanic phytoplankton might allow them to survive in waters with low Fe. In
light of these findings, increased attention has focused on the role of Cu as a
micronutrient for phytoplankton growth. When I started my PhD research, some of the
unanswered questions regarding Cu nutrition included: a) what are the mechanisms of Cu
acquisition and homeostasis in marine phytoplankton? b) is the replacement of Fe with
Cu in some metabolic pathways a common survival strategy of oceanic phytoplankton
inhabiting low Fe waters? c) does Fe limitation increases the demand for Cu in
phytoplankton from a variety of phyla? d) are high affinity Cu organic ligands produced
under Cu limitation? e) are phytoplankton able to access Cu within these organic
complexes or do they rely exclusively on dissolved inorganic Cu? f) how do Fe and Cu
availability interact in controlling intracellular Cu demand, Cu uptake kinetics, Cu
transport rates and the expression of genes encoding for Cu transport proteins or Cu

chaperones?

The overall goal of my dissertation was to elucidate the Cu requirements of various
phytoplankton taxa, as well as to determine mechanisms of Cu acquisition and
homeostasis in model species. To accomplish this goal, I used a multidisciplinary
approach, complementing physiological and molecular research. Given the interaction
between Fe and Cu nutrition observed in four previous phytoplankton studies (Peers et al.
2005, Well et al. 2005, Maldonado et al. 2006, Annett et al. 2008), I also studied how
both Fe and/or Cu availability (at optimal and limiting levels) control these mechanisms.

Using short-lived Cu radioisotopes, the Cu requirements and steady-state Cu transport
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rates (pssCu) of multiple phytoplankton genera, as well as Cu uptake kinetics of two
marine centric diatoms, an oceanic (7. oceanica) and a coastal isolate (7. pseudonana)
were investigated. Furthermore, putative genes encoding the potential components of Cu
transport and homeostasis in the model coastal diatom 7. pseudonana were identified,
and their expression responses to different Fe and/or Cu conditions were investigated.
Finally, the function of putative Cu transporters (CTR) in 7. pseudonana was examined
with functional complementation experiments using a yeast mutant deficient in high

affinity Cu transport.

In chapter 2, I studied the interactive effects of Fe and Cu availability on the growth rates,
intracellular Cu levels (Cu quotas) and steady-state Cu transport rates (psCu) of 12
phytoplankton [from four phyla and two marine habitats (coastal and oceanic)]. My
results demonstrate that low Cu has a significant effect on the growth rates and pssCu of
the oceanic phytoplankton strains, but not the coastals. Distinct trends in Cu quotas were
observed for phytoplankton from various phyla, however, these patterns were dependent
upon the element used as a proxy for phytoplankton biomass (P vs. C). My results
highlight an urgent need for a more consistent proxy for phytoplankton biomass. Given
the interaction between trace metal geochemical cycles and the global C cycle, I believe
that C is the most appropriate phytoplankton biomass proxy. Contrary to my original
hypothesis, the Cu quotas (Cu:C) of all the oceanic strains were not higher than those of
the respective coastal strains. However, there were multiple lines of evidence supporting
a more important role of Cu in the physiology of the oceanic phytoplankton. Yet, only
some phytoplankton had significantly higher Cu:C ratios when Fe was limited,
suggesting that the role of Cu in the high-affinity Fe transport system is not universal. My
study on Cu requirements uses diverse and ecologically relevant phytoplankton species
and thus provides a better understanding of how the interaction between Fe and Cu

availability in the sea controls marine phytoplankton composition and productivity.

In chapter 3, I was the first to establish biphasic Cu uptake rates as a function of Cu

concentrations in marine phytoplankton, using two diatoms as model organisms (one
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coastal and one oceanic). The results suggest the existence of a high and a low affinity Cu
transport system in marine phytoplankton. Furthermore, the high and the low Cu
transport systems have different kinetics in the coastal and the oceanic diatom, potentially
reflecting the evolutionary adaptation of these organisms to their respective trace metal
regimes. Specifically, 7. oceanica has the highest affinity Cu transport system (K, = 7.3
nM Cu) of any phytoplankton studied to date, in agreement with the lower Cu
concentrations found in the open ocean relative to those in coastal waters. The kinetics of
Cu uptake in T. oceanica and T. pseudonana were affected differently by Fe and/or Cu
availability suggesting that Cu transport is regulated dynamically, in a complex manner,
by both Fe and Cu. My calculated rates of Cu uptake by indigenous phytoplankton in this
thesis suggest that field communities will have an active high-affinity Cu transport

system in open ocean waters where the total Cu concentrations are < 2nM.

In chapter 4, I identified and characterized the genes encoding the potential components
of Cu acquisition and homeostasis mechanisms using the coastal diatom 7. pseudonana
as a model organism. The candidate genes were identified using transmembrane domains,
conserved Cu binding motifs and the right order of motifs in homologues in other
eukaryotic organisms. The expressions of these genes under various Fe and Cu culture
conditions were also investigated. Among the genes identified, I found genes encoding
the putative low (ZIP-like) and high affinity (CTR-like) Cu transport proteins. My results
suggest a significant role for Fe in controlling the expression of Cu-related genes, as well
as a complex interaction between Cu and Fe response networks in this diatom. These data
provide fundamental molecular information to further study the mechanisms of Cu

acquisition and homeostasis in marine phytoplankton.
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6.2 Conclusions and findings for specific dissertation

hypotheses

6.2.1 Oceanic phytoplankton have a higher Cu demand for growth than coastal

strains

Though Fe availability limits primary productivity in 30% of the global ocean,
phytoplankton growth rates in these regions are moderate, averaging ~ 0.3 d”!
(Welschmeyer et al. 1991). Estimates of phytoplankton Fe demand rate in these regions
are well above the calculated Fe supply rate. Thus, in order for phytoplankton to support
such growth rates, they must have evolved either a lower cellular Fe demand and/or
unique mechanisms for Fe uptake and storage (Sunda and Huntsman 1995a, Maldonado
and Price 1996, Marchetti et al. 2009). Recent studies have shown that to save on Fe,
some oceanic diatoms replace photosynthetic Fe containing enzymes with Cu containing
ones (Peers and Price 2006), and/or use Cu/Zn SOD instead of FeSOD to detoxify
oxygen radicals. Thus, I hypothesized that oceanic phytoplankton, from various phyla,
might have higher Cu requirements as a result of replacing Fe containing enzymes with
Cu containing ones. This hypothesis was tested by measuring growth rates and Cu quotas
in diverse phytoplankton grown under various Cu and Fe conditions (Chapter 2).
Lowering Cu levels had a significant effect on the growth rates of the oceanic
phytoplankton compare to those of the coastal, indicating that Cu has a more important
physiological role in oceanic phytoplankton. In addition, the effect of low Cu on the
growth rates of oceanic phytoplankton was dependant on Fe availability and phylum. For
example, low Cu significantly reduced the growth rate of only 2 strains, the oceanic
Synechocossus and the oceanic Phaeocystis (Prymnesiophyceae), but only when Fe was
also low (pFe21 and pFe 22, respectively). These results suggest that the oceanic
Phaeocystis and the Sargasso Sea Synechococcus also require higher Cu concentrations
for growth when Fe is low, as observed previously in marine diatoms (Peers et al. 2005,

Maldonado et al. 2006, Annett et al. 2008, Semeniuk et al. 2009). Although the Cu:C
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were not significantly higher in oceanic strains, there are still five independent lines of
evidence supporting a more important role of Cu in the physiology of oceanic
phytoplankton. The mixed-effect model statistics indicated a significant Cu effect on the
growth rates and steady-state Cu transport rates of the oceanic strains, but not the coastal
strains. In addition, lowering the Cu concentration in the media decreased the Cu quotas
and steady-state Cu transport rates of the oceanic strains to a greater extent (5.5 and 5.4
fold, respectively) than those of the coastals (3.8 and 4.7 fold, respectively). Iron
limitation only had a significant effect on the Cu quotas of the oceanic strains, and this

effect was dependent on Cu level and phylum.

6.2.2 The copper requirements of Fe-limited phytoplankton are higher than those

of Fe-sufficient cells

In the last decade, diatoms have been shown to have mechanisms to increase Fe nutrition:
some possess Fe storage mechanisms (Marchetti et al. 2009), while others have a high
affinity Fe transport system that allows them to access organically bound Fe, the greatest
pool of dissolved Fe in seawater. This high affinity Fe transport system requires Cu in
the putative multi-Cu containing iron oxidases (Peers et al. 2005, Wells et al. 2005,
Maldonado et al. 2006). Thus, some diatoms have higher Cu requirements when Fe-
limited (Annett et al. 2008). To test whether phytoplankton belonging to other phyla also
have higher Cu requirements when Fe limited, I examined the Cu:C of Fe limited
phytoplankton relative to Fe-sufficient ones. However, only two strains out of 10 tested,
the coastal Synechococcus and coastal Chrysochromulina, had increased Cu quotas when
Fe was limiting (Chapter 2). My results may suggest that either the Cu demand for the
proper functioning of the high-affinity Fe transport system is relatively low, or that the
role of Cu in the high-affinity Fe uptake system is not universal among phytoplankton
phyla. Alternative Fe acquisition pathways may be found in marine phytoplankton,
including Fe*" uptake systems, unspecific divalent ion uptake systems, and direct Fe
siderophore transport (Kustka et al. 2007, Lane et al. 2008, Palenik et al. 2007, Allen et al.
2008, Sutak et al. 2010). Further studies on Fe transport mechanisms of diverse
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phytoplankton may help our understanding of the cellular functions of Cu.

6.2.3 Copper quotas are higher for eukaryotic phytoplankton of the green plastid
than the red plastid superfamilies. Synechococcus have the lowest Cu quotas, as they

evolved in a low Cu environment and are very sensitive to high Cu levels

Under Fe/Cu sufficiency, the Cu quotas of multiple phytoplankton genera ranged from
0.36 to 3.8 pmol Cu mol” C, with the Sargasso Sea cyanobacterium Synechococcus sp
(WH7803) having the highest Cu quotas and the oceanic dinoflagellate Prorocentrum the
lowest (Chapter 2). The average Cu quotas of Bacillariophyceae, Cyanophyceae,
Prymnesiophyceae and Dinophyceae under Fe/Cu sufficient condition were 2.41 + 0.74,
2.13+2.37,1.78 + 0.86 and 0.52 + 0.22 pmol Cu - mol™ C, respectively. This order,
from high to low, is in disagreement with that found in Ho et al. study (2003), where the
average Cu quotas (Cu:C) of Dinophyceae (4.18 + 4.06 pmol Cu - mol” C) were higher
than those of Bacillariophyceae (2.83 + 0.74 pmol Cu - mol”' C) and Prymnesiophyceae
(1.32 + 0.56 pmol Cu - mol™ C).

Changes in ocean redox state have been suggested to have influenced trace metal
stoichiometry in marine phytoplankton (Quigg et al. 2003, Ho et al. 2003, and Saito et al.
2003). Differences in the Cu requirements of marine eukaryotic phytoplankton have been
observed between the red and the green plastid superfamilies, with the former having, in
general, lower Cu quotas than the latter (Quigg et al. 2003, Ho et al. 2003). In addition,
metal preferences (e.g. for Fe) and sensitivities (e.g. to Cu) of Cyanophyceae have been
suggested to reflect their evolution in an ancient sulfidic ocean, where the availability of
Fe was high and that of Cu was low (Saito et al. 2003). My limited data set supports the
notion that Synechococcus spp. have relatively high Fe requirements, as the two
Synechococcus strains exhibited the greatest reduction in growth rates due to Fe
limitation. However, contrary to my expected high Cu sensitivities of Synechococcus,
the highest Cu:C quotas were found in the Sargasso Sea Synechococcus. In spite of these

high Cu:C ratios, this strain achieved fast growth rates (~ 1.0 d"). These results imply
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that this strain, which supposedly evolved in a low Cu environment, is unaffected by the

accumulation of high intracellular Cu levels.

Another important consideration is that apparent taxonomic patterns in trace metal quotas
may depend upon the element used as a proxy for phytoplankton biomass when
normalizing metal concentrations. To compare my Cu:C ratios to those presented in Ho et
al. (2003), I converted their Cu:P to Cu:C using the cellular concentrations of C
presented in Table 2 in Ho et al. (2003). The calculated Cu:C ratios do not support Ho et
al’s conclusion (2003) that systematic differences in trace metal quotas (including Cu)
exist between the green algae and that of Prymnesiophyceae and Bacillariophyceae. In
addition, the phylogenetic difference in Cu requirements (Cu:P) between the red and
green plastid superfamilies described by Quigg et al. (2003) is not observed if the Cu
quotas are normalized to C. Thus, though phytoplankton trace metal concentrations are
often normalized to cellular P concentrations, using P as a biomass proxy is not ideal,
given its plasticity (Sterner and Elser 2002), and its tendency to adsorb to cell surfaces
(Sanudo-Wilhelmy et al. 2004). Similar conclusions were reached by Twining et al. 2004.
These combined results highlight the urgent need for a more consistent proxy for

phytoplankton cellular biomass.

Some interesting phylogenetic trends were observed with respect to Fe nutrition.
Phytoplankton in the Prymnesiophyceae exhibited the least average growth rate reduction
due to low Fe while the Cyanophyceae exhibited the most. This suggests that
Prymnesiophyceae requires little Fe for growth, while Cyanophyceae requires high Fe.
The low Fe demand of Prymnesiophytes and the high Fe demand of Cyanophyceae may
explain their increased and decreased abundance, respectively, along Line P, a natural Fe
availability gradient from Fe rich coastal waters off British Columbia to the well studied
offshore Fe limited station (OSP). These results illustrate how my findings on the effects
of Fe and/or Cu availability on phytoplankton growth may help our understanding of the

distribution of various phytoplankton taxa in regions of the world ocean.
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6.2.4 Marine diatoms possess a high- and a low-affinity Cu transport system, and

these systems are controlled differently by Fe and/or Cu availability

This thesis presents the first evidence of the co-occurrence of a high- and a low-affinity
Cu transport system in marine phytoplankton (Chapter 3). In the diatoms, 7. oceanica and
T. pseudonana, used as model organisms, Michaelis-Menten type kinetics and biphasic
uptake kinetics as a function of Cu concentration were observed. Moreover, the Cu
uptake systems in the two diatom species are different. Under sufficient Fe and Cu
condition, the K, values of the low- and high-affinity Cu transport systems for 7.
oceanica differ by 50-fold (2410 nM verses 48 nM total Cu). These K, values are very
similar to those of the freshwater green alga Scenedesmus subspicatus (Knauer et al. 1997)
but distinct from those of the green algae C. reinhardtii (Hill et al. 1996). Interestingly,
the low-affinity Cu transport system in 7. pseudonana did not saturate at Cu
concentrations of 2 uM, while the K, of the high-affinity Cu transport system is higher
(3-3.5 fold) than the K, of 7. oceanica and S. subspicatus. These results suggest that the
oceanic isolate has higher affinity for Cu than the coastal isolate. In contrast, the coastal
isolate seems to have more efficient intracellular Cu homeostasis mechanisms. These
physiological differences between the coastal and oceanic diatoms illustrate the adaptive

evolution of these organisms to their respective high and low Cu environments.

Moreover, the Cu uptake systems of these two diatoms are differentially controlled by Cu
and/or Fe nutrition. For example, as observed in other phytoplankton (Hill et al. 1996), T.
oceanica increased the Vi, of the low-affinity Cu transport system in response to low
Cu, while T. pseudonana decreased its V,x. However, both diatoms downregulated their
high affinity Cu transport systems under Fe-limitation. This study showed that the
responses of Cu uptake kinetics to different Fe and/or Cu conditions are complex,

providing more support for the dynamic interactions between Fe and Cu in diatom

physiology.
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6.2.5 Copper uptake rate is determined by the concentration of total Cu and not

that of free Cu2”*

Using CuEDTA as a model organic Cu complex, my results suggest that phytoplankton
might be able to access Cu bound within organic complexes. There are three lines of
evidence in support of this. First, lowering the total Cu concentration in the media 10-fold
decreased the steady-state Cu uptake rates and cellular Cu:C by 5.3 and 4.5 fold,
respectively (Chapter 2). These average decreases match the reduction in the total Cu (5
fold decrease between Cu-sufficient and low-Cu treatment) but not in free Cu?"
concentration (10 fold decrease). Second, the Cu uptake rates measured in this thesis
(pCu) are 1.5 to 15.1 fold faster than the flux of inorganic Cu to the cell surface (Jp)
(Chapter 3). The mean ratio of pCu: Jp ratio was 7.2 and 3.3 for 7. oceanica and T.
pseudonana, respectively. Third, the gene expression of the Fe reductases (7pFRE2) was
down-regulated after a Cu addition (Chapter 4). Iron reductases can function as cupric
reductases in the high affinity Cu transport system (Hassett and Kosman 1995,
Georgatsou et al. 1997, Weger, 1999, Yi and Guerinot 1996; Robinson et al. 1999). The
lower Cu reduction activity in the presence of high Cu, suggests that when Cu is low
organically bound Cu is reduced enzymatically in order to release it from the organic
complexes and ultimately enhance Cu uptake. Cupric reductase activity at the cell
surface of some marine phytoplankton has been observed (Jones et al. 1987). Thus, the
dissociation of Cu from organic ligands may be mediated by cupric reductase involved in
the high affinity Cu uptake system in marine phytoplankton, as previously observed in
other eukaryotes (Hill et al. 1996, Puig et al. 2007). This combined evidence confirms
previous conclusions from lab and field studies that Cu acquisition is controlled by the
concentration of organically complexed Cu instead of free Cu>” (Hudson 1998, Quigg et
al. 2006, Annett et al. 2008, Semeniuk et al. 2009). Hence, total Cu concentration in the

sea may be a better indicator of Cu availability than free Cu®".
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6.2.6 The putative genes encoding high- and low-affinity Cu transport systems, as
well as for Cu chaperones are present in the genome of 7. pseudonana. Their gene

expressions are affected by Cu and/or Fe availability

The putative genes encoding potential components of Cu acquisition and homeostasis
mechanisms (including CTR-like Cu transport proteins, Cu transporting P-type ATPases,
Cu chaperones and putative Zn transporters) were identified in the genome of the centric
diatom 7. pseudonana (Chapter 4), using known transmembrane domains and conserved
Cu or Zn binding motifs in homologs of fungi, green algae, plants and animals (Kim and
Thiele, 2004, Puig et al. 2007, Merchant et al. 2006). In addition, changes in the
expression of these genes in response to adjustments in Fe and/or Cu availability were
investigated. Two CTR-like transporters, two putative Cu transporting P-type ATPases,
two putative Cu chaperones and one of Fe reductases, were down-regulated after the
addition of excess Cu (500 nM), suggesting that they were involved in Cu acquisition and
homeostasis when Cu level is low. Under long-term Fe limitation and/or starvation, most
of the identified genes were up-regulated, while low Cu either had no effect or the effect
was dependent on Fe availability. In addition, one ZIP-like gene was up-regulated by Cu
deficiency when Fe was also low, suggesting that Zn transporter may be involved in Cu
uptake under low Fe condition. A significant role for Fe in controlling the expression of
Cu-related genes is evident, as well as a complex interaction of Cu and Fe response

networks.

6.2.7 The putative high affinity, CTR-like Cu transporters in 7. pseudonana are

novel

Two putative Cu transport CTR genes (7pCTR|24275 and TpCTR|9391) were identified
in T. pseudonana using conserved structures and motifs for CTR family Cu transporters
(Chapter 4). In addition, the down-regulation of their expression after the addition of
excess Cu suggests their involvement in the high-affinity Cu uptake system. However,

their gene sequences show low similarity with other known homologues from model
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organisms (e.g. Saccharomyces cerecisae, Arabidopsis thaliana and Chlamydomonas
reinhardtii). The N-terminus of these two CTR-like proteins is atypical, though they have
metal-binding motifs containing Cys, Met and His. The N-terminal sequence of
TpCTR|24275 is more like the homologs of Phaeodactylum tricornutum, Ostreococcus
lucimarinus, Micromonas pusilla and Perkinsus marinus. They share a number of
putative conserved Cu-binding residues and motifs, including HxH, Cx¢/7,CxxxC, HxxxC
and Cxs;sMxM, which are different from those of yeast in which Met-rich motifs (MxxM
and/or MxM) are typical. This may be significant in view of the suggestion that diatoms
acquired a significant number of genes by lateral gene transfer from members of the
Mamiellales (Prasinophyceae) to which Ostreococcus and Micromonas belong (Moustafa
et al. 2009). The protein sequence of 7pCTR|9391 does not share these N-terminal motifs
with 7pCTR|24275, but is more similar to that of COPT1 in the green alga
Chlamydomonas (Page et al. 2009) and plant Arabidopsis (Kampfenkel et al. 1995) in
which the N-terminal domain contains His and Met-riched Cu binding motifs. Given that
the gene sequences of these 7. pseudonana CTRs seem novel and have low similarity
with other known homologues, I investigated whether these genes were encoding high-
affinity Cu transporters using functional complementation experiments with
Saccharomyces cerevisiae ctrlActr34Amutant (MPY 17), a high-affinity Cu transport
mutant (Chapter 5). However, the results of these experiments did not confirm that these
CTR-like genes were involved in high-affinity Cu transport. Some possible explanations
for these negative results include their locations, in the tonoplasts instead of the plasma
membrane, or a complex Cu transport protein structure. As observed in S. pombe and rice
Orza sativa, some CTR family proteins are unable to transport Cu unless other
components, that aid in the formation of a heteromeric protein, are present (Zhou and
Thiele 2001, Loannoni et al. 2010, Yuan et al. 2011). This type of heteromeric protein
complex may also exist in 7. pseudonana to perform the Cu transport function, and may

not have properly assembled during the yeast functional complementation experiments.
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6.3 Future research

The results of this dissertation provide the basis for some future projects on trace metals

physiology of marine phytoplankton.

1) The coastal E. huxleyi was the most sensitive species to low Cu and the least sensitive
to low Fe. At present, I am unable to explain these findings. Although other
phytoplankton species have been shown to be very resilient to Fe limitation as a result of
extremely low Fe requirements (i.e. the Antarctic diatoms; Timmermans 2001, 2004,
Lane et al. 2009, Strezepek et al. 2011), this is the first time that a phytoplankton species
with extremely low Fe and high Cu demand have been described. This species might be
an ideal model to investigate possible substitutions of Fe with Cu in phytoplankton

metabolic pathways, using EST libraries and differential proteomics.

2) The responses of Cu uptake kinetics to different Fe and/or Cu culture conditions are
complex. However, while performing my Cu uptake kinetic experiments, due to the
limited amount of ®’Cu received during each delivery, I was only able to measure uptake
rates at 8 different Cu concentrations. This experimental design resulted in some
uncertainties. For example, I was unable to saturate Cu uptake in 7. pseudonana at my
highest Cu concentration (2000 nM). Future kinetic studies, incorporating more Cu
concentrations, at both, low and high Cu levels, might be able to provide better estimates
of the K, and V.« of the high- and/or the low-affinity Cu uptake system in marine
diatoms and/or other phytoplankton. To further improve our understanding of the
availability of various Cu species for phytoplankton uptake, future investigations should
examine Cu uptake in the presence of a variety of organic Cu complexes with a range of

stability constants for Cu.

3) Putative genes encoding CTR-like Cu transporters, Zn transporters, and Cu
chaperones in 7. pseudonana were identified in this thesis. However, their potential

functions and regulations in response to Cu or other trace metals are still unclear. Future
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research should elucidate the location of the putative CTR transporters and P-type Cu
transport ATPases. To test the function of these transporters, yeast complementation
experiments could also be useful, as well as metal uptake assays and competition
experiments. Investigating how these potential proteins are regulated at the post-
translation level might provide some insights into their regulation by Cu and/or Fe
availability. The function of my identified 7. pseudonana Cu chaperones is unknown,
though they are expected to perform intracellular trafficking of Cu. Some putative Zn
transporters were identified to be involved in Cu transport. Considering the essential role
of Zn in the physiology of marine phytoplankton, and the complex interactions between
Zn and Cu, further studies can be conducted. For example, a project on the effects of Zn
deficiency or toxicity on the gene expression of potential Fe and Cu transport proteins

and homeostasis could be of interest.

To establish the function of these potential metal transporters, genes could be
overexpressed by using an expression plasmid, as has been developed in P. tricornutum
(Siaut et al. 2007), or be knocked down to inactivate the function using RNA interference
(RNAI, De Riso et al. 2009). The consequences of overexpressing or knocking down
specific genes would elucidate their functions. Expression vectors of a putative protein
could also be fused with a fluorophore in order to identify its intracellular location and

regulation in response to changes in Fe and/or Cu availability.

4) Recent studies, as well as my dissertation, demonstrate that Cu is more important for
the growth of the oceanic diatom 7. oceanica than its coastal counterpart, 7. pseudonana.
In addition, the kinetics of Cu uptake in 7. oceanica suggest that this oceanic isolate has
higher affinity for Cu than the coastal isolate, suggesting that oceanic diatoms have
evolved to acquire Cu efficiently. Considering these oceanic-coastal differences, 7.
oceanica may be an excellent model oceanic phytoplankton to study Cu acquisition and
homeostasis mechanisms. Since the genome of 7. oceanica has not been sequenced, to
investigate its trace metal related gene make up, Expressed Sequence Tag (EST) libraries

can be constructed for various trace metal culture conditions (metal replete condition, Cu-
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and/or Fe-limitation). These EST libraries can provide detailed information on the gene
expression profiles of 7. oceanica grown under these conditions, and will give us
powerful insight into how oceanic phytoplankton adapt biochemically to Fe and/or Cu
deficiency. These 7. oceanica EST libraries could then be used to identify and quantify
the differential expression of proteins, using stable-isotope labeling and LC-MS/MS. If
novel metalloproteins are identified in 7. oceanica, their biochemistry and
crystallography could be determine in order to elucidate the function and structure of

these novel enzymes.

5) Most studies on Cu requirements and uptake kinetics in phytoplankton have focused
on centric diatoms, while little is known about pennate diatoms. The genome sequence of
the pennate diatom, P. tricornutum, has been completed recently (http://genome.jgi-
psf.org/Phatr2/Phatr2.home.html). Thus, P. tricornutum can now be used as a model
organism for the mechanistic understanding of the relationship between trace metal
nutrition and phytoplankton physiology. More specifically, using its genome, we could
now identify the components of Cu transport and homeostasis, and study their regulations.
Like T. oceanica, P. tricornutum can tolerate much lower (50 times lower) Fe
concentrations than 7. pseudonana (Kustka et al. 2007). Under Fe-limiting conditions,
two metal related genes are overexpressed in P. tricornutum, a Cu-related gene TYR1
(Cu-tyrosinase) and a Fe-related one, ISIP1 (Allen et al. 2008). Copper-containing
tyrosinase is an enzyme present in plant and animal tissues that catalyzes the production
of melanin, which absorbs harmful UV-radiation and transforms the energy into harmless
heat, and other pigments from tyrosine by oxidation. However, the functions of TYR1
and ISIP1 in P. tricornutum are presently unknown. To investigate their function,
methods of gene overexpression and knocking down (RNA1) could also be used in P.

tricornutum.
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Appendix A

Supplemental table 1. A list of all genes and primer sequences used in this study. Each

gene name is as given in the text with its protein identification number (ID) in the 7.

pseudonana genome. The protein ID and chromosome locations were obtained from

http://genome.jgi-psf.org/Thaps3/Thaps3.home.html. Sequences of forward and reverse

primers are given. Asterisks indicate the sequences for the primers that have been

published previously (Kustka et al. 2007).

Candidate genes Annotation Primer sequence (5°-3”) (forward/reverse) Genome locus
GCATGCGTCGGCTTATTCTA .
TpCTR[24275 Putative CTR-like | CACATGACCTGCCATCATTC chr_112:66327-68695
Cu transporter GTCAAATGCTCTGTCCAGCA .
TpCTR(9391 COTTTEATCCATITGOAGGT chr 13:305077-306438
TpCTP[263051 Putative Cu- ggii&iﬁ%ﬁ%ﬁi%é%é%ﬁ?i chr 7:97839-101400
transporting p-type
TTGACAAGACGGGAACCATT
ATP . ]
TpCTP264357 ase TTCACTGCCGAGG AR ATC chr_16a:144815-147253
AAAGTGGGCATCAAATCAGG _
TpCOX17]264096 Putative Cu CTCTTACAATCCGCGTCCTC chr_14:17090-17324
chaperone AGTCGCCACCTACAATGTCC .
TpCOX11[37139 S CTGOCATATCCACCGTTTC chr_13:211685-212026
GCCGTACTTGACAATGCTGA* _
TPEREL (11375) Putative Fe GTTCGCAATGCAACTTTCCT chr_19¢_29:203384-205714

TpFRE2 (3129)

reductase

ATCGGAAGCTTCGCTGTTTT *

GGCCTGCTGTAGCTGACTTG*

chr 3:199111-202275

TpFET3 (5574)

Putative multi-
copper oxidase

GTCGTCGAGCAAGTTTCGTT *

GGGAGCAACGTGGATAACAT *

chr_5:1547780-1553454

Putative Fe

GCTGGCTTGTGTTTGGAATTGT *

TpFTR1(268009) ermmease S L A ] chr_1:1226465-1227728
Putative NRAMP | ATCGCCCAAGACGACAGAGTTGA * ,

TpNRAMP (9840) protein CACCGCTCCTAGAATCCCAGTAATG * | G- 14:907218-508928
AACGTAGGAACAGCCCTCCT ,

TpZIP32375 A chr 2:430621-431896
TGGTGTGTGGTCACTTCGTT ,

TpZIP|268980 L chr_5:2224263-2225620

Putative ZIP | CAACGCAGACGAAGAAAACA ,

TpZIP2351 fransporter GGGAACGCATACTTCGACAT chr_4:1529303-1331395
GCCATTGCTCAAACCGTATT .

TpZIP263800 sl A chr_11a:519107-520118

TpZIP[11826 CATTGGTTGCAGCACTATCG chr 22:553746-555404
CGACAATCGTTTACCAAGCA

TpActin (25772)

ACTGGATTGGAGATGGATGG *

CAAAGCCGTAATCTCCTTCG *

chr_22:804575-806436
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