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Abstract

We discuss the concept of colimitation of primary productivity in aquatic environments, with an emphasis on
reconciling this concept with recent advances in marine bioinorganic chemistry. Colimitations are divided into
three categories on the basis of their mathematical formulations and visualizations: type I, independent nutrient
colimitation (e.g., N and P); type Il, biochemical substitution colimitation (e.g., Co and Zn); and type IlII,
biochemically dependent colimitation (e.g., Zn and C), where the ability to acquire one nutrient is dependent upon
sufficient supply of another. The potential for colimitation occurring in the marine environment and the critical
importance of understanding nutrient bioavailability are discussed.

The notion of simultaneous limitation by multiple
elements, or colimitation, is an important yet often
misunderstood concept. Our aim in this manuscript is to
clarify and define the types of colimitation, review and
discuss their mathematical descriptions, and present three-
dimensional examples to promote a visual understanding.
There is a particular emphasis on the role of trace metals in
colimitation, as well as the potential importance of organic
complexation to nutrient bioavailability and colimitation in
marine waters. These discussions are necessitated in part by
the recent advances in marine bioinorganic chemistry,
where it is now believed that limitation by certain trace
metals could reverberate through coupled biogeochemical
systems by hindering the biosynthesis of key metalloen-
zymes (Morel et al. 2003).

The water column of the marine environment contains
micronutrients and macronutrients that nourish the growth
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of autotrophic life. Much has been written about the
nutrition of oceanic primary production (e.g., Redfield et
al. 1963; Droop 1973; Moore et al. 2004). A useful
recurring theme in the marine literature is Liebig’s law of
the minimum (de Baar 1994). This law was the 33rd of 50
principles of agricultural chemistry: *“When a given piece of
land contains a certain amount of all the mineral
constituents in equal quantity in an available form, it
becomes barren for any one kind of plant when, by a series
of crops, one only of these constituents—as for example
soluble silica—has been so far removed, that the remaining
quantity is no longer sufficient for a crop.” (Liebig 1855 as
cited in de Baar 1994). While Liebig’s law exerts itself on
biological systems by controlling the overall yield of
biomass, an alternate concept of limitation is rate
limitation (also known as Blackman limitation) where
growth rate is reduced rather than yield. These can be
interrelated concepts; for example, both types of limitation
have been clearly observed in the metal limitation experi-
ments (e.g., Saito and Goepfert 2008), where the gradual
replenishment of free metals in solution from the metal-
buffered media operates as a chemical chemostat, inducing
growth rate limitation. Once significant biomass is achieved
in the culture relative to the amount of cobalt and zinc
needed for nutrition, yield is limited and the buffer is
effectively “blown’ (either by kinetics of the back reaction
of the metal-buffer complexes, or by actual depletion of the
total metal).

Liebig’s law implies that there is a single limiting
nutrient. But the concept of limitation (either Liebig or
Blackman) is frequently expanded to more than one
nutrient, often by invoking the term *‘colimitation.” The
surface oceans are particularly prone to colimitation
because of the simultaneous scarcity of many nutrients.
In particular, improvements in trace metal analytical
methods that occurred at the end of the last century have
allowed researchers to demonstrate the potential for
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Fig. 1. A Gedanken (thought) experiment emphasizing the
importance of bioavailability by applying Liebig’s law of the
minimum to (A) the Sargasso Sea, (B) the North Pacific near
Hawaii, and (C) the North Pacific high-nutrient low-chlorophyll

limiting in the oligotrophic Sargasso Sea, according to this
calculation. Second, an understanding of the bioavailability
of elements associated with organic molecules (for N and P)
or organic complexes (for metals) is critical to determining
whether or not each element is Liebig limiting.

While this thought experiment is conceptually useful in
demonstrating the importance of bioavailability, there are
numerous simplifications, generalizations, and caveats that
must be pointed out so that the reader understands its
limitations. The true limiting potential of each macronu-
trient and micronutrient is governed by geochemical and
biological factors, many of which are only somewhat
elucidated at this point. Indeed, each nutrient has its own
active research field and hence a detailed discussion is
beyond our scope here, with the exception of a brief
overview. By setting limitations on this single liter of
seawater, we simplify by ignoring biological, physical, and
chemical inputs, transformations, regenerations, and ex-
ports from the system, as well as limitation effects induced
by differential uptake rates between different phytoplank-
ton groups (e.g., differences in diffusion limitation and
uptake affinities). The amount of POC that can be
generated by each nutrient, when assuming all other
nutrients are replete, is calculated by dividing the concen-
tration of the nutrient solute in a liter of seawater by the
cellular quotas (nutrient:C ratio) of each nutrient and
micronutrient, and is then converted to units of milligrams
of C per liter. This production is basically the PAPPE that
can be produced from a liter of surface seawater.

It is important to recognize that these simple calculations
are produced from very limited data and hence make no
attempt to account for the variability of nutrient concen-
trations and cellular quotas that are known to occur. This

r

region (HNLC). Each bar refers to the amount of biomass that could
stoichiometrically be produced using the quantity of each element
in a liter of seawater assuming all other nutrients were replete (or
potential autotrophic production element). The nutrients with the
lowest bar(s) in each graph should be limiting. Both organic (or
organically complexed for metals, so as to not imply the direct
organometallic metal-carbon bond) and inorganic forms of the
nutrients are shown because there is growing evidence for the
bioavailability of organic/complexed forms of macronutrients and
metals. Current understanding of metal bioavailability suggests that
the organic iron (FeL) is bioavailable, but only the inorganic Co and
Zn forms are bioavailable to eukaryotic phytoplankton (with the
exception of organic cobalt being bioavailable to cyanobacteria).
This results in cobalt being closer to limiting than iron in all three
environments, yet the capability for zinc—cobalt biochemical sub-
stitution would likely alleviate much of this limitation (see Fig. 2,
type 11). In addition, this makes the oversimplifying assumption that
all organically complexed iron is uniformly bioavailable. Carbon
calculations are based on CO, and dissolved inorganic carbon (DIC)
concentrations rather than dissolved organic carbon. These calcula-
tions are a simplification of primary productivity in oceanic
ecosystems since they do not account for regeneration, recycling,
advective input, aeolian input, or numerous other biogeochemical
processes, as well as oversimplifying the variability in cellular metal
quotas and surface water metal concentrations. See text for further
caveats (adapted from Saito 2001).
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is probably especially true for the trace elements iron and
cobalt, which have short residence times in the ocean and
can be influenced by aeolian or physical processes (e.g.,
Saito and Moffett 2002, Wu and Boyle 2002). An order of
magnitude scale variability in the size of these bars would
not be surprising, and this should be taken into account
when comparing the potential for limitation of these
elements in a given environment.

The bioavailability of nutrients and micronutrients can
vary significantly because of the chemical form of the
nutrient. For trace elements, chemical speciation is
dominated by the formation of metal-ligand complexes
with strong organic ligands in seawater, often reducing the
bioavailability of metals such as Fe, Zn, and Co by two to
three orders of magnitude (Sunda and Guillard 1976;
Anderson and Morel 1982; Saito et al. 2002). Trace metal
speciation is difficult to measure and there are only limited
data sets available (e.g., Rue and Bruland 1997; Saito and
Moffett 2001, and references therein; Ellwood 2004).
Moreover, it is currently unclear the extent to which
organically complexed forms are bioavailable to phyto-
plankton. For Fe complexes, there is evidence demonstrat-
ing utilization of FeL complexes (Maldonado and Price
2001), presumably through a ferric reductase uptake system
like that found in the diatom Thalassiosira pseudonana
(Armbrust et al. 2004). For Co complexes, there is evidence
for utilization of CoL by cyanobacteria (Saito et al. 2002),
but these complexes may be so strong in seawater that they
do not readily dissociate and hence may not be available to
some eukaryotic phytoplankton, as empirically suggested
by higher Co:P utilization ratios when cobalt is labile in
the Peru upwelling system (Saito et al. 2004, 2005). There is
little experimental evidence for the bioavailability of
natural ZnL complexes. These Zn complexes are signifi-
cantly weaker than the CoL complexes, with conditional
stability constants of , 1011 versus >1016-8 for CoL
(Bruland 1989; Saito et al. 2005), suggesting that ZnL
may be easier to acquire than CoL, or at least are subject to
exchange reactions relative to the seeming inertness of CoL.
On the basis of culture experiments, the prevailing thought
is that this ZnL is not readily bioavailable to phytoplankton
(Sunda and Huntsman 1992, 19954, 2000). Together, this
suggests that the chemical species that are currently thought
to be bioavailable (to eukaryotic phytoplankton) and hence
that should be compared on these figures are FeL, inorganic
Co, and inorganic Zn. This would suggest that Co should be
limiting in the North Pacific HNLC, except that it is also
known that Zn and Co substitute for a biochemical function
in many eukaryotic phytoplankton (Sunda and Huntsman
19954; Saito and Goepfert 2008), and inorganic Zn is just
slightly “less limiting” than iron in Fig. 1, and hence all three
elements may be close to colimiting.

This discussion points out the crucial importance of
understanding the bioavailability of metals (and macro-
nutrients) in seawater. The large differences in conditional
stability constants between metal-ligand complexes also
suggests that there could be unique Kinetic issues for each
metal regarding replenishment of each reservoir of in-
organic metal with the much larger reservoir of metal-
ligand complexes, zinc complexes being relatively weak

versus the cobalt complexes that appear almost inert. It is
also possible that the reservoir of complexed metals is
available to some fraction of the phytoplankton commu-
nity through specialized uptake systems such as iron
reductases or metallophore (siderophore or cobalophore)
acquisition pathways (Maldonado and Price 2001; Saito et
al. 2002; Shaked et al. 2005). The use of those specialized
uptake pathways likely comes at additional physiological
cost and difficulty relative to metal cation transport. The
speciation of major nutrients is also believed to be
important, especially in oligotrophic regions where nitrate
and soluble reactive phosphate are scarce (Karl and Yanagi
1997). The utilization of phosphonates, for example, is now
believed to be important, in addition to the utilization of
soluble reactive phosphate (Dyhrman et al. 2006).

The variation in POC that can be generated from carbon
is approached differently from the other nutrients to reflect
ideas on the potential for carbon limitation in seawater
(Riebesell et al. 1994). Only inorganic carbon is considered
here, since utilization of dissolved organic carbon would no
longer qualify as autotrophy. Values for dissolved in-
organic carbon (DIC) are from each region, and approx-
imate concentrations of CO, are used (Winn et al. 1994;
Bates et al. 1996; Wong et al. 2002). Carbon limitation of
marine phytoplankton growth is often considered as being
rate limiting rather than biomass limiting (Wolf-Gladrow
and Riebesell 1997), since concentrations of DIC in
seawater are quite high (, 2,000 mmol L—1) and the amount
of DIC existing as the CO, species is only , 1% of the total
DIC. The major dissolved chemical species, bicarbonate
(HCO, ), can undergo protonation and dehydration to
form COyaq), and is governed by thermodynamic equilib-
rium. However, this dehydration step is kinetically slow
without catalysis by the enzyme carbonic anhydrase.
Carbon acquisition in phytoplankton typically involves
the use of some form of carbon concentrating mechanism
(CCM) to deal with the low CO, concentrations in aqueous
environments, which are typically lower than the half-
saturation constant of the Rubisco enzyme involved in
carbon fixation. These CCMs often include bicarbonate
transporters that allows access to the larger DIC reservoir
(Tortell and Morel 2000). Moreover, CCMs have been
shown to be affected by zinc deficiency, by reducing zinc
carbonic anhydrase activity, resulting in carbon limitation
(Morel et al. 1994).

These PAPPE calculations can be compared with actual
POC concentrations from the Sargasso Sea and the Pacific
Ocean near Hawaii and in the North Pacific (Fig. 1, =1 SD
of mean of BATS and HOT data, range of North Pacific
HNLC values, see Methods). The mean POC values are
somewhat higher than what the inorganic N and P
concentration calculations vyield. This is likely due to
a combination of factors including the contribution to
POC from heterotrophic biomass, nitrogen fixation,
physical transport processes, and the utilization of organic
nutrient forms. Moreover, regeneration and recycling of
nutrients that exist within the standing crop of POC is not
considered by these calculations (as well as DOC utilization
by heterotrophic bacteria), but are obviously fundamental
components of the microbial loop (Azam et al. 1983).
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Table 1.

Examples of potential nutrient colimitation pairs in the marine environment.

Nutrient couple

Colimitation type (targeted enzyme)

Example refs.t

Zinc and cobalt (Cyanobacteria) 0
Nitrogen and phosphorus |
Nitrogen and light |
Nitrogen and carbon 1
Iron and cobalt 1
Iron and zinc I
Iron and phosphorus |
Iron and vitamin Bj, |
Zinc and cobalt (eukaryotic phytoplankton) 1
Zinc and cadmium (diatoms) 1
Iron and Manganese (or Ni, or Cu-Zn) 1
Zinc and cobalt (hypothesized) 1
Iron on light 1
Zinc on phosphorus i
Cobalt on phosphorus 1
Zinc on carbon 1
Cobalt on carbon 1
Cadmium on carbon 1
Copper on iron 1
Iron on nitrate 11
Iron on nitrogen (N, fixation) 1
Molybdenum on nitrogen (N, fixation) 1
Nickel on urea (nitrogen) 1
Copper on amines 11

Only one nutrient/independent a,b
Independent c
Independent —
Independent d
Independent e
Independent f
Independent g
Independent h
Biochemical substitution (CA)* b,i
Biochemical substitution (CA)* j
Biochemical substitution (SOD)* k
l,

Biochemical substitution (AP)*
Dependent

Dependent (AP)*

Dependent (AP)*

Dependent (CA)*

Dependent (CA)”

Dependent (CA)*

Dependent (FRE and MCO)*
Dependent (NR)*

Dependent (NIF)*
Dependent (NIF)*
Dependent (urease)
Dependent (amine oxidase)

+®»”S0T O XTT3—>

" CA, carbonic anhydrase; SOD, superoxide dismutase; AP, alkaline phosphatase; FRE, ferric reductase; MCO, multicopper oxidase; NR, nitrate

reductase; NIF, nitrogenase.

T Example references: a, Saito et al. 2002; b, Sunda and Huntsman 1995¢; ¢, Benitez-Nelson 2000; d, Hein and Sand-Jensen 1997; Riebesell et al. 1994; e,
Saito et al. 2005; f, Franck et al. 2003, Wisniewski 2006; g, Mills et al. 2004; h, Bertrand et al. 2007; i, Morel et al. 1994; Yee and Morel, 1996; j, Price and
Morel 1990; k, Tabares et al. 2003; Wolfe-Simon et al. 2005; I, Shaked et al. 2006; m, Sunda and Huntsman 19954; n, Boyd et al. 2001; Maldonado et al.,
1999; Sunda and Huntsman 1997; o, Peers et al. 2005; Robinson et al. 1999; p, Raven 1988, 1990; Maldonado and Price 1996; q, Falkowski 1997;
Berman-Frank et al. 2001; r, Howarth and Cole 1985; s, Price and Morel 1991; t, Palenik and Morel 1991.

This simple gedanken experiment in Fig. 1 illustrates (1)
how multiple nutrients are simultaneously close to limiting
concentrations in the marine environments, and (2) the
importance of research on the bioavailability of different
chemical species to the concept of colimitation. Indeed, some
of our recent field observations agree with these calculations:
cobalt-iron colimitation has been found in the North Pacific
HNLC (Saito et al. unpubl. data) and the Costa Rica
upwelling dome (Saito et al. 2005). One can also see the
potential for an interrelated colimitation scenario, where
cobalt-zinc concentrations are limiting enough to potential-
ly influence carbon acquisition through an inability to
synthesize the metalloenzyme carbonic anhydrase as part of
the CCM (Morel et al. 1994). This potential for colimiting
nutrients and the different types of colimitation that are
possible are not often discussed in the literature. The next
section aims to clarify some thoughts on this subject.

The concept of colimitation—One reason for the ambi-
guity associated with the term colimitation is the fact that
there are really several distinct types of colimitations, as we
and others have previously briefly discussed (e.g., Arrigo
2005; Saito et al. 2005). According to a strict interpretation
of Liebig’s law, one nutrient is the primary limiting nutrient
and the next most limiting is a secondary limiting nutrient,

rather than a colimiting nutrient. In contrast, true
colimitation could be defined more precisely as a situation
where growth rate is actually influenced by two limiting
nutrients simultaneously, rather than secondarily (or
sequentially) affecting growth as described above (e.g.,
alleviation of the first nutrient causes limitation by the
second). These alternate conceptions of the influence of
multiple potentially limiting nutrients are not incompatible
with our classifications in the subsequent text, since we
describe differences that manifest themselves on the
biochemical and bioinorganic level, rather than the
physiological and ecological level. In Table 1, we list many
of the known nutrient limitation scenarios that can be
ascribed to the notion of colimitation, divided here into
three distinct types. There have also been previous studies
discussing the mathematics of colimitation of phytoplank-
ton (Legovic and Cruzado 1997; Klausmeier et al. 2004);
however, they have not addressed the problem of the
bioinorganic metal substitution phenomenon, as exempli-
fied in our related manuscript (Saito and Goepfert 2008).

The first scenario, which we will describe as “Type I.
Independent nutrient colimitation,” concerns two elements
that are generally biochemically mutually exclusive, but are
also both found in such low concentrations as to be
potentially limiting. Here, “‘independent” is operationally
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clear to us that the biochemical response to nutrient stress
must result in the up-regulation of high-affinity transport
systems even under conditions of multiple nutrient stresses.
For these few studies to not observe a multiplicative effect
suggests that the energetic cost of this up-regulation of the
necessary biochemical machinery is too small to detect,
a result we find difficult to reconcile. However, one can
imagine that the biochemical cost associated with Bi,
acquisition is too small to be significant in these
physiological measurements, given its extremely small
cellular quota (Droop 1974). Perhaps colimitation experi-
ments as comprehensive and detailed as Droop’s studies
would be better suited for a pair of nutrients known to
demand significant cellular machinery. It seems then that
further experimental examination, perhaps with the bio-
chemical emphasis that Droop wished to spare us of, is
needed to better assess the merits of the multiplicative and
minimum parameterizations of type | colimitation.

Type II: Biochemical substitution colimitation—With
progress in marine bioinorganic chemistry, it has become
apparent that various metals can substitute for an active
site within a metalloenzyme. Enzymes with this character-
istic are termed cambialistic (Sugio et al. 2000; Tabares et
al. 2003; Wolfe-Simon et al. 2005). In addition, multiple
forms of enzymes with equivalent functionalities but with
different metals in the active site can co-occur within an
organism. Two of the best studied examples of this type of
system in phytoplankton are (1) the carbonic anhydrases in
the marine diatoms that can utilize zinc, cobalt, or
cadmium (e.g., Morel et al. 1994; Sunda and Huntsman
1995¢; Lane et al. 2005), and (2) a variety of superoxide
dismutases (SODs) that contain Ni, Mn, Fe, or both Cu
and Zn in their active sites (see Wolfe-Simon et al. 2005 and
references therein). Biochemical (cambialistic) substitution
has also been observed for Mn and Fe within a single SOD
enzyme (Sugio et al. 2000; Tabares et al. 2003; Wolfe-
Simon et al. 2005), although this substitution does not
appear to be present in marine phytoplankton: the diatoms
and cyanobacteria examined appear to rely on MnSOD or
NiSOD, respectively (Peers and Price 2004; Wolfe-Simon et
al. 2005; Dupont et al. 2006). We have previously used
three-dimensional (3D) representations of growth-rate data
for cobalt and zinc culture experiments as a means to
intuitively display this type Il biochemical substitution
effect (Saito 2001; Saito et al. 2002, 2003). If cobalt could
completely substitute for all of zinc’s biochemical func-
tions, and vice versa, we could utilize the colimitation
equation (Eq. 4) for ammonia-nitrate colimitation (O’Neill
et al. 1989). This equation allows unique K, values for each
nutrient (unique transport systems), but assumes that each
nutrient alone can provide the full nutritional requirement
needed to achieve my.x (perfect biochemical substitution),
which is not necessarily true for cobalt and zinc inter-
replacement. Type Il. Colimitation with perfect biochem-
ical substitution:

Rewriting this equation produces Eq. 5, a more intuitive
version where two Monod terms are added to allow the
substitution effect, but with an extra attenuating term in
each denominator, avoiding growth rates greater than m,,.

Sl S2
S2Km1 K S S1Km2 (%)
KmZ m2 2 Kml

m mmax
Kni 851

The multiple limitation described by Eq. 4 produces a 3D
surface similar to that observed for cobalt-zinc colimita-
tion (Saito et al. 2002). If K, values are set equal,
a symmetrical pattern is produced that clearly shows
interreplacement of the two nutrients and that is quite
distinct from the type | colimitation described above
(Fig. 2D, type Il). Trace element uptake studies and
genomic analysis of marine phytoplankton both demon-
strate that there are likely multiple transport systems for
each trace element (Sunda and Huntsman 19954; Armbrust
et al. 2004; John et al. 2007), as in the cases of zinc and
cobalt, and that a single transporter can transport different
elements with different affinities (Sunda and Huntsman
19954, 2000). As a result, Eq. 4 is also graphically presented
using unique K., values for each metal, giving it a non-
symmetrical shape (Fig. 2E, type I1).

It has been observed that although substitution of
certain trace elements allows for significant recovery of
growth rates, optimal growth often occurs with one of the
two trace elements. For example, the marine centric
diatoms appear to have a preference for zinc, which can
be partially replaced by cobalt (Sunda and Huntsman
19954). Conversely, the coccolithophore E. huxleyi appears
to have a preference for cobalt, which can be partially
replaced by zinc (Sunda and Huntsman 1995¢; Saito et al.
2002). Phaeocystis antarctica appears to be distinct from
either of these examples, displaying a maximal growth rate
when both cobalt and zinc are replete (Saito and Goepfert
2008). The notion of a “‘preference” for a given metal is
somewhat vague. There are two potential underlying
biochemical processes that could explain these physiolog-
ical phenomena. First, metalloenyzmes are known to have
different enzyme activities when constituted with different
metal active sites, as has been observed with carbonic
anhydrase enzymes (Tripp et al. 2004). This could manifest
itself in physiological differences in growth rate (e.g.,
a higher growth rate with Zn than Co or vice versa).
Second, most biochemical functions involving a metal
center are metal specific, and hence cannot retain activity if
metal substitution occurs. If the physiology of the cell is
considered as a summation of its biochemical pathways,
then these two situations described above are likely to both
be occurring with respect to a given metal’s roles within the
cell. We can treat this as an additive scenario, with the
combination of two metals acting as independent nutrients
for distinct components of the cellular biochemistry, while
also simultaneously having a biochemical substitution
effect for another component of cellular biochemistry (a
cambialistic enzyme). Equation 6 is an example of this,
combining the type | independent nutrient colimitation
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form for a nonsubstitutable component of the growth rate
(Mnosub, EQ. 2) and the type 11 biochemical substitution
form for the cambialistic component of the growth rate
(Mcampb, EQ. 5), and an example plot is shown in Fig. 2F
(Type I1). This equation does not account for subtle
differences in a cambialistic enzyme’s activity that might
result from substituting S; for S,, as mentioned above
(Tripp et al. 2004). Moreover, we have somewhat
arbitrarily chosen the multiplicative form of the type I
component (Eqg. 2), on the basis of our comments above.
However, the difference between multiplicative and mini-
mizing forms of the type | component is likely to be small
relative to the influence of the biochemical substitution
component (Eg. 5). This type Il equation (Eqg. 6) does
a reasonable job of representing our observations in P.
antarctica of zinc—cobalt substitution with a zinc preference
(Saito and Goepfert 2008), where a significant component
of the Co and Zn quotas appears to be involved in
nonsubstituting processes (Fig. 2F, type Il, far right), in
contrast to diatom and coccolithophore results that show
near-complete recovery when substituting Zn for Co
(Fig 2D, E, type I1l) (Saito et al. 2002; Sunda and
Huntsman 1995a). Type Il. Colimitation combining in-
dependent and biochemical substitution:

m m 51 : 52
NOSWA\ K1 S1 Kmz S
6
] s, S, (6)
Camb K K.
Kmz St S;( ™ K S —S} r:4
méd m

This formulation of colimitation assumes that the
nutrient colimitation affects the independent and cambia-
listic functions proportionally. In reality, we know that
there is very tight control of intracellular metal concentra-
tions and intracellular metal transport via metal chaperone
proteins (O’Halloran et al. 1999), but quantitative in-
formation on how this might affect relative reservoirs of
metalloenzymes or biomolecules is not available at this
time. Although it is tempting to derive a colimitation model
on the basis of intracellular equilibrium for two metals and
a suite of nonsubstituting and substituting enzymes, the
data on tight intracellular control of metals imply Kinetic
(biological) rather than equilibrium control of metals
within the cell.

The biochemical underpinnings for maximal growth rate
occurring only when both nutrients are present are based
on the elemental cellular quotas comprising numerous
biochemical components, only one of which is a cambialistic
enzyme such as the Co-Zn carbonic anhydrase. This is
depicted by the idealized cartoon in Fig. 3 for the Zn and
Co quotas, where the carbonic anhydrase is capable of
biochemical interreplacement of Zn and Co, although
vitamin By, and zinc finger proteins are not known to
substitute alternative metals in vivo. This reflects the
expectation that biochemical interreplacement is involved
in only a subset of the enzymes that utilize a particular
metal within the cell. A specific example of this is the active

Fig. 3. An idealized schematic of zinc and cobalt cellular
quotas in an eukaryotic phytoplankton cell, where the vertical axis
is proportional to the number of zinc or cobalt atoms. Zinc and
cobalt can substitute biochemically within a carbonic anhydrase
metalloenzyme (a DCAl-type enzyme; Morel et al. 2002 and
references therein), and there are no other known substitutions
between the other bioinorganic functions of these two elements.

site of the DCAL carbonic anhydrase in diatoms, which can
substitute Zn and Co effectively. Ideally, we would consider
the influence of limitation of each metal on the regulation
of each metalloenzyme system and the subsequent effect on
phytoplankton growth rates. However, in reality this
summation of the numerous factors for each cellular
micronutrient quota is difficult to quantify. In addition to
the known functions of trace elements within the cell, novel
functions may be discovered in the coming years that will
require a reconsideration of the metallome of the cell. Such
estimations have been performed for iron, manganese, and
molybdenum (Raven 1988, 1990), but quantitative esti-
mates for intracellular cobalt and zinc uses have not yet
been determined. For zinc, there are thousands of proteins
(primarily zinc finger binding proteins), with many existing
at very low copy number (Berg and Shi 1996). Moreover,
these cellular quotas and the relative abundance of
metalloenzymes are believed to change significantly on
the basis of the demands of the environmental setting.
Future studies that are enabled by quantitative proteomics,
both theoretical (Dupont et al. 2006) and experimental, will
allow a decomposition of the cellular trace element quota.

Type III: Biochemically dependent colimitation—The
third type of colimitation involves two substrates where
the uptake of one substrate is dependent on the sufficient
nutrition with regard to the second. There are numerous
potential examples of this such as zinc—carbon colimitation
via the carbonic anhydrase, nickel-urea colimitation via the
nickel metalloenzyme urease, and copper—iron colimitation
via the multicopper oxidase and ferric reductase coupled
systems (see Table 1). Morel et al. demonstrated the
colimitation effect of zinc and carbon dioxide in diatoms
originally (Price and Morel 1990; Morel et al. 1994).
Carbon acquisition by phytoplankton is an area of active
research, and CCMs in marine diatoms have been found to
be inhibited by zinc limitation due to the loss of carbonic
anhydrase activity (Tortell and Morel 2000), and although
the exact details of this pathway have yet to be definitively



