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Abstract 

From our experimental evidence that iron lirnitation greatly increases the extracellular 
concentration of strong copper-complexing agents in cultures of Anabaena flos-aquae and 
Anabaena cyhdrica, and that the iron-algal exudate complex is much more stable than the 
copper complex, we conclude that strong copper-complexing agents released by filamentous 
blue-green algae are siderophores. Further experiments demonstrate that siderophore excre- 
tion is not a mechanism by which blue-green algae overcome the toxic effects of micromolar 
copper additions. From estimates of concentrations of iron, copper, and siderophores in iron- 
limited blue-green algal blooms, it is predicted that the copper-siderophore complex is the 
major copper species. The copper-siderophore complex is probably not toxic and its presence 
in freshwaters may be advantageous to cyanophyte populations. 

It has been shown in laboratory and 
field experiments that under iron limita- 
tion blue-green algae excrete strong iron- 
complexing agents-hydroxamate sidero- 
phores (Simpson and Neilands 1976; 
Murphy et al. 1976). (The term sidero- 
phore, formerly siderochrome, emphasiz- 
es the role of these compounds in micro- 
bial iron transport). Murphy et al. (1976) 
suggested that eucaryotic algae cannot 
assimilate iron from the iron-hydroxa- 
mate siderophore complex and that blue- 
green algae monopolize low iron con- 
centrations by excretion of hydroxamate 
siderophores. In previous work we found 
that four blue-green algal species cxcret- 
ed strong copper-complexing agents (“K 
> 108) and that eucaryotic algae only re- 
leased weak copper-complexing agents 
(“K < lo75 McKnight and Morel 1979). 
We also detected bound hydroxamate in 
the blue-green algal culture media and 
found the conditional formation constant 
for a copper-siderophore complex ( 108e4) 
to be similar to constants for strong cop- 
per-cyanophycean exudate complex (lo*- 
1012). These results led to the hypothesis 
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that the strong copper-complexing agents 
produced by cyanophytes are hydroxa- 
mate siderophores. 

The work presented here, which tests 
this hypothesis, relies on what is already 
known about iron metabolism and sider- 
ophore production in microorganisms 
(Neilands 1973; E mery 1974). Besides 
cyanophytes, bacteria, fungi, and yeast 
have been found to produce either hy- 
droxamate or phenolate siderophores 
(Neilands 1973). Th e role of siderophores 
in the uptake of iron by microorganisms 
was demonstrated in studies with iron 
mutants of Salmonella typhimuriu,m 
(Luckey et al. 1972) and Bacillus me- 
gate&m (Davis and Byers 1971). Simp- 
son and Neilands (1976) first identified a 
trihydroxamate siderophore, called schiz- 
okinen, in media from iron-starved cul- 
tures of Anabaena sp. Bound hydroxa- 
mate, indicative of hydroxamate 
siderophores, was detected in laboratory 
cultures of Anabaena flos-aquae and 
field samples from an Anabaena bloom 
by Murphy et al. (1976). Evidence of Fe 
(III)-complexing agents has been found 
both in coastal blue-green algal mats 
and in sea grass beds by a bioassay tcch- 
nique that uses a siderophore auxotroph, 
Arthrobacter JG-9 (Estep et al. 1975). 
Neilands (1973) provided a concise and 
useful outline of the mechanisms in- 
volved in microbial iron transport and 
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pointed out that under conditions of low 
iron stress, overproduction of the ligand 
might cause a substantial number of the 
metal-free molecules to be displaced 
from the cell to the medium. The general 
stimulation of siderophore release by 
iron limitation provides a means to test 
our hypothesis that strong copper-com- 
plexing agents from blue-green algae are 
siderophores. 

We thank T. H. Mague, M. M. Allen, 
J. C. Westall, and K. C. Swallow for their 
comments on the manuscript. 

Methods 
Blue-green algal culture-Two fila- 

mentous blue-green algae,AnabaenafEos- 
aquae (UTEX 1444) and Anabaena cylin- 
drica (UTEX 1611), and one coccoid 
species, Synechococcus leopoliensus 
(UTEX 625, formerly Anacystis nidu- 
lans), were grown in 500 ml of WC me- 
dium (Guillard 1975) without synthetic 
chelators and with trace metals as in 
Aquil (Morel et al. 1979b). McKnight and 
Morel (1979) grew the same isolates of 
the filamentous species in WC medium; 
however a different isolate of S. Zeopo- 
Ziensus was grown in Allen medium. An- 
abaena flos-aquae and S. leopoliensus 
produced strong copper-complexing 
agents and A. cylindrica produced weak 
copper-complexing agents. All cultures 
were grown at 20°C under continuous 
light, 20 PEinst. cm+. s-l, in acid-washed 
l-liter polycarbonate Erlenmeyer flasks. 
Sterile techniques were used throughout. 
Iron (lo-” M and 10Bs M) was added im- 
mediately before inoculation from fresh- 
ly prepared solutions of FeCl,. Copper 
was added during exponential growth 
from freshly prepared filter-sterilized so- 
lutions of Cu(NO&. In the initial exper- 
iments the medium was passed through 
a Chelex-100 column (Morel et al. 1979a) 
before addition of the trace metals and 
then autoclaved. The cultures were in- 
oculated with 50-ml samples from late 
exponential phase cultures grown in 
Chclex-treated medium with lop7 M iron. 
In the copper toxicity experiment non- 
Chelexed medium was sterilized by fil- 
tration and inoculated with 20 ml of an 

exponential phase culture with no added 
iron. Samples were taken from cultures 
of the same species at the same time, 
about 3 to 5 days after the end of expo- 
nential growth, and prepared for analysis 
as in Swallow et al. (1978). 

Titrations -Copper titrations were 
performed as described by McKnight and 
Morel (1979). A combined copper-iron ti- 
tration was developed to demonstrate the 
greater stability of the iron-siderophore 
complex. The copper titration is taken as 
far as 10m6 M total copper and then iron 
is added incrementally from freshly pre- 
pared lOA” M and 10M2 M FeC& solutions, 
going from lo+ M to 3~ lo-” M total iron. 
As the iron concentrations approached 
the equivalence point of the previous 
copper titration, the cupric ion activity, 
as measured by a cupric ion electrode, 
increased by several orders of magni- 
tude. The disassociation of the copper 
complex on addition of iron was always 
fast, with equilibration in lo-15 min. The 
increasing cupric ion activity reflects the 
disassociation of the copper-siderophore 
complex on formation of the iron-sider- 
ophore complex. The formation of the 
iron-siderophore complex is also inferred 
from the development of the yellow color 
characteristic of iron trihydroxamates. 

An iron interference for the cupric ion 
electrode has been reported by Hulan- 
icki et al. (1977). In our own experiments 
an anomolous increase in electrode re- 
sponse of 75 mV was observed when 10e5 
M iron was added to lOA6 M copper so- 
lutions at pH 4 in the absence of com- 
plexing agents. The iron interference de- 
creased (to only 34 mV) when the stirrer 
was turned off, showing that the iron in- 
tcrference is probably caused by a reac- 
tion at the surface of the electrode. How- 
ever, at the P c0L and pH of the titration, 
1O-2 atm and 6.25, the electrode response 
at lo+ M copper increased 3 mV one 
minute after addition of 10e5 M iron and 
then gradually decreased 6 mV (presum- 
ably because of adsorption of copper on 
the fresh ferric hydroxide precipitate). 
We conclude that the interference effect 
of Fe3+ is small under the conditions of 
the titration. The method for demonstrat- 
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Fig. 1. A-Growth curves for duplicate cultures 
of Anubaena cylindrica with (0,O) 10d5 IM and 
(&A) 10e8 M total iron. B-Copper titrations of A. 
cylindricu culture medium from cultures with (0) 
lo+ M and (LI) 1O-8 M total iron. 

ing the stability of the iron-algal exudate 
complex was verified later with a lo-” M 
solution of Desferal, (desferrioxamine B, 
a hydroxamate siderophore produced by 
CIBA-GEIGY). Because of precipitation 
effects beyond the equivalence point of 
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Fig. 1. Continued. 

the iron titration, the method cannot be 
used to detect weak complexing agents 
that bind copper more strongly than iron. 

Analysis-Chlorophyll a was mea- 
sured in a Turner fluorometer (Strickland 
and Parsons 1972). Dry weight was de- 
termined by the method of Sorokin 
(1973). Copper was measured by flame- 
less atomic absorption spectrophotome- 
try. The Csaky (1949) method as modi- 
fied by McKnight and Morel (1979) was 
used to detect bound hydroxamate. So- 

Table 1. Surnmary of chlorophyll a, biomass, and copper-complexing ligands in stationary-phase blue- 
green algal cultures with high and low iron concentrations. 

Total 
iron 
(W 

Chl a Dry wt 
(mg.liter-‘) (mg.m-‘) 

Chl al Total ligand 
Dry wt concn 

(mg. g-‘) (W ‘Kt 

Anubaenu cylindrica 10-S 1.7 0.117 14.5 3 x 10-e 107.2 
10-B 0.12 0.020 6.1 5x 10-S 1010.2 

Anabaena jlos-uquue 10-S 0.58 0.047 12.4 z lo-‘3* 
10-s 0.06 0.018 3.4 1.5x 10-5 G.4 

Synechococcus leopoliensus 10-s 1.4 0.087 16.1 3x 10-e 107.0 
10-B 0.09 0.017 5.2 undetectable - 

* Approximate value from McKnight and Morel (1979). 
t X is conditional formation constant for reaction Cu*+ + L- ti CuL+ at pH 6.25. 
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Fig. 2. As Fig. 1, but for Synechococcus leopo- 
liensus. 

lutions of Desferal (10-7-10-5 M) were 
used as standards for the Csaky test. At 
Desferal concentrations >lO-” M, the hy- 
drolysis step (6 h at 100°C in 3 N acid) 
was not complete. Since other hydroxa- 
mate siderophores may react differently, 
the Csaky method is not used as a precise 
quantitative test for bound hydroxamate. 

Rem1 ts 
The siderophore hypothesis was tested 

by seeing whether the production of 
strong copper-complexing agents by 
blue-green algae was enhanced by iron 
limitation. The copper titration of media 
from high (lo-” M) iron and low (lo-” M) 
iron cultures of A. cylindrica and S. Zeo- 
poliensus and the corresponding growth 
curves are shown in Figs. 1 and 2. Table 
1 summarizes for all three algae the con- 
centration of chlorophyll a and dry 
weight, and their ratio, during stationary 
phase and the equivalent ligand concen- 
trations and conditional formation con- 
stants for the copper-algal exudate com- 
plexes. Only the low iron Anabaena 
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Fig. 2. Continued. 

cultures had greater than micromolar 
concentrations of strong copper-complcx- 
ing agents (“K>108). On the other hand, 
all the cyanophyte cultures gave positive 
results to the Csaky test, which is indic- 
ative of hydroxamate siderophores. The 
fact that only iron-free siderophores will 
complex copper explains in part the poor 
correlation between the detection of 
bound hydroxamates and strong copper- 
complexing agents. 

All the low iron cyanophyte cultures 
were chlorotic and had lower dry weights. 
Iron deficiency causes chlorosis in algae 
and higher plants (Price and Care11 1964; 
Price 1968). Oquist (1971, 1973) showed 
that iron deficiency in S. Zeopoliensus in- 
duces a spectral shift in the chlorophyll 
a absorption peak and a decrease in the 
photosynthetic capacity of photosystem 
I. Morphological changes were also ob- 
served in iron-limited Anabaena cultures 
(McKnight 1979); in A. flos-aquae cul- 
tures there were many (2 x 10” cells * ml-l) 
akinetes, and in A. cylindrica cultures 
the chains were short and clumped to- 
gether. 

The results of the copper titrations for 
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Fig. 3. Combined copper and iron titration of 

medium from low iron cultures of Anabuena ~Ios- 
aquue (0) and Anabaena cylindricu (A) and of 10e5 
M solution of Desferal (Cl). 

A. cylindrica clearly demonstrate the re- 
lease of some strong copper-complexing 
agent, presumably a siderophore, in re- 
sponse to iron limitation. As in our pre- 
vious work, only weak copper-complex- 
ing agents (“K-c~O~*~) were detected in 
iron-rich cultures. But in iron-poor cul- 
tures, 5~ lo+ M of a complexing agent 
with a conditional formation constant of 
1O1o*3 was released. The results for the 
other filamentous blue-green alga, A. 
jZos-aquae, were inconclusive because in 
several copper titrations of medium from 
the iron-rich culture, acceptable chemi- 

addition of 10V7 M copper. We have pre- 
viously found copper titrations of media 
from cultures of A. flos-aquae with 10d5 
M iron added to be highly reproducible. 
The different result in this experiment is 
probably associated with the iron-deplet- 
ed inoculum. The release of 10d5 M 
strong copper-complexing agent in the 
iron-limited culture is more than an order 
of magnitude greater than the release in 
previous iron-rich cultures and is certain- 
ly consistent with the siderophore hy- 
pothesis. 

For the coccoid cyanophyte, S. Zeopo- 
Ziensus, the copper titrations (Fig. 2) 
show that the excretion of weak copper- 
complexing agents is not stimulated, but 
depressed by iron limitation. This indi- 
cates that the weak complexing agents 
excreted by S. Zeopoliensus under these 
culture conditions are not siderophores. 
The lower concentration in the iron-lim- 
ited culture is probably due to the lower 
biomass. The results for S. Zeopoliensus 
imply that weak copper-complexing 
agents (“K s 107a5) produced by other cy- 
anophytes and eucaryotic algae are not 
siderophores. The possibility remains, 
however, that the strong copper-com- 
plexing agents (“K 3 lOlo) previously de- 
tected in cultures of coccoid cyanophytes 
grown in Allen medium (McKnight and 
Morel 1979) were hydroxamate sidero- 
phores. 

The siderophore hypothesis is further 
supported by the results of the combined 
copper and iron titrations of media from 
low iron cultures of A. cylindrica and A. 
flos-aquae (Fig. 3). In the Anabaena cul- 
ture media and in 10q5 M of Desferal, the 
cupric ion activity increases several orders 
of magnitude as the added iron displaces 
copper from the siderophore. These re- 
sults show that the formation constants 
for the iron-algal exudate complexes are 
at least an order of magnitude greater 
than those for the copper complexes. The 
conditional formation constants for the 
copper-Desferal complex and the copper- 
A. flos-aquae exudate complex are indis- 
tinguishable (“K = 108*3-10s*4) and the 
combined titrations of low iron A. flos- 

cal equilibration failed to occur 24 h after aquae culture medium and low5 M Des- 
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feral are also very similar. On the other 
hand, the conditional formation constant 
for the copper-A. cylindrica complex is 
much higher (“K = 1010*2) and presumably 
reflects a different chemical structure. 

Fogg and Westlake (1955) showed that 
copper toxicity to A. cylindrica was re- 
pressed by addition of extracellular poly- 
peptides from previous stationary-phase 
cultures. It cannot be determined wheth- 
er the extracellular polypeptides in their 
study would correspond to weak or 
strong copper-complexing agents. How- 
ever, their work suggests that sidero- 
phores may play a role in the response of 
cyanophytes to copper toxicity. The de- 
sign of an experiment to study the rela- 
tionships between excretion of sidero- 
phores and copper toxicity is complicated 
by chemical unknowns. We have advo- 
cated chemically well defined culture 
media where the free metal activities can 
be calculated with some certainty (Morel 
et al. 1979b). Th e methods rely on micro- 
molar or greater concentrations of syn- 
thetic chelators to buffer metal activities, 
which are not reconcilable with potentio- 
metric detection of algal-excreted cop- 
per-complexing agents. On the other 
hand, in the absence of chelators, adsorp- 
tion of copper on ferric hydroxide may 
control the speciation of copper in an un- 
predictable way and confound the inter- 
pretation of copper toxicity experiments 
in chelator-free media. Furthermore, in 
low iron medium, copper speciation will 
probably be controlled not by adsorption 
but by the gradual accumulation of extra- 
cellular siderophores. 

Although limited by the ill defined 
chemistry of the culture medium, the re- 
sults of a simple copper toxicity experi- 
ment do undermine the hypothesis of en- 
hanced excretion of siderophores by 
cyanophytes in response to copper tox- 
icity. In replicate low iron (lOBa M) cul- 
tures of A. flos-aquae which were spiked 
during exponential growth with 10m5 M 
and lo-” M copper, there was rapid de- 
crease in chlorophyll a and no recovery 
(Fig. 4). Most of the copper (60%) re- 
mained in solution at both added copper 
concentrations and was weakly bound, 

Fig. 4. Response of replicate cultures of Anu- 
buenu jlos-uquue to copper addition during expo- 
nential growth phase: H,Cl-10-5 IM; +, O-lo-’ M; 
l ,O-lo-’ M; A,A-lo-* M; V,V-lo-” M total 
copper. 

probably by cellular debris (Table 2). 
The test for bound hydroxamate was also 
negative for the copper-stressed cultures, 
further demonstrating that high concen- 
trations of detoxifying siderophores are 
not released by A. flos-aquae when 
stressed with copper. The cultures re- 
ceiving copper spikes of 10m7 and 10m8 M 
survived (Fig. 4) and produced about 
10d5 M of a strong copper-complexing 
agent and bound hydroxamate (Table 2) 
as did the control cultures and the other 
low iron culture of A. flos-aquae (Table 
1). The lower chlorophyll a concentra- 
tion in previous cultures probably re- 
flects lower iron contamination in the 
Chelex-treated medium. The excretion of 
10m5 M siderophore in the surviving A. 

flos-aquae cultures shows that eventual 
excretion of sufficient copper-complex- 
ing agent to bind the 10B5 and lo-” M 
copper spikes was prevented by the im- 
mediate death of the cultures and not by 
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Table 2. Results of Anabaena jhs-uquue copper toxicity experiment. 

Xl1 
added 

04 
Particulate Cu* 

W) 

ZCU 
in filtrate 

CM) 

{Cuzc} in 

“i+G 
Bound 

hydroxamate 

and Equiv li 
concn M) c: 

with ‘K = 108.3 

10-S 1.7x 10-S 8.3x 1O-6 7.9x 10-7 
10-S 2 x 10-7 7.3x 10-7 1.6x 1O-H 
10-7 - 4x 10-7 - +++t 1.3 x 10-5 
10-g - - +++ 1.5x 10-S 

None - - 

* Retained on 0.4~pm filter sam le filtered 2 days after copper addition. 
t + + + is ca. IX 10m5 M Desfera equivalents. P 

+++ 1.5x 10-S 

other factors such as the health of the in- 
oculum or nutrient limitation. 

Discussion 
In previous work we concluded from 

simple chemical equilibrium computa- 
tions that strong copper-complexing 
agents from blue-green algae may control 
the speciation of copper in lakes during 
or after blooms (McKnight and Morel 
1979). Our new results do not change that 
basic conclusion. In fact, our original es- 
timate of 10e6 M ligand being released in 
algal blooms appears reasonable now that 
we have found 5~ 10e6 and lo-” M ligand 
in cultures with chlorophyll a concentra- 
tions close to those in field samples from 
algal blooms. 

Iron is an important micronutrient in 
chlorophyll synthesis and in N, fixation 
(Stewart 1973) and its availability has 
been shown to control phytoplankton 
succession from green to blue-green al- 
gae in bioassay experiments (Lange 
1971; Morton and Lee 1974; Murphy et 
al. 1976; Elder and Horne 1977). Lange 
(1971) followed the collapse of an Aphan- 
ixomenon bloom in Lake Erie when ni- 
trogen and phosphorus concentrations 
were increasing but dissolved iron con- 
centrations had decreased to <2x lo+ M. 
In limnocorral experiments, high rates of 
nitrogen fixation in an Anabaena bloom 
were associated with high iron concen- 
trations and rapid assimilation of 5”Fe; 
production of hydroxamate siderophores 
in the bloom was also demonstrated 
(Murphy and Lean 1975; Murphy et al. 
1976). In a survey of 49 American lakes, 
the concentration of dissolved iron (pass- 
ing through a 0.45pm filter) ranged from 

5~ 10e6 M to IX 10e7 M (Miller et al. 1974) 
and was generally less than the micro- 
molar concentrations found to enhance 
blue-green algal dominance of phyto- 
plankton assemblages in laboratory ex- 
periments. Taken as a whole such exper- 
imental results show that iron limitation 
of N2-fixing blue-green algal blooms may 
be an important phenomenon and, by ex- 
tension, that significant concentrations of 
iron-free siderophores may be present in 
freshwater lakes. 

Whether the copper-siderophore com- 
plex is an important copper species in 
lakes primarily depends on the relative 
concentrations of iron, copper, and sid- 
erophores. Since siderophore complexes 
of cadmium, lead, nickel, cobalt, and alu- 
minum also have formation constants 
>108 (Anderegg et al. 1963), they may 
also be important and should be consid- 
ered in detailed calculations. Based on 
the literature and our own results, we 
speculate that dissolved iron concentra- 
tions near low7 M will limit populations 
of N2-fixing blue-green algae and that 
these iron-limited populations will re- 
lease concentrations of siderophores in 
the range 10-7-10-” M-greater than the 
available iron concentration. Copper con- 
centrations of low7 M or greater can be 
taken as typical of freshwaters (Hutchin- 
son 1953), although there may be a cor- 
relation between low concentrations of 
copper and low concentrations of iron. 
From these estimates we propose that 
relative concentrations of siderophores, 
copper, and iron in iron-limited blue- 
green algal blooms probably are: (sider- 
ophore)T > (CU)~ > (Fe),. Although much 
of the copper would otherwise be com- 
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plexed by humic compounds or adsorbed 
on particulate material (Gachter et al. 
1978; Vuceta 1976), at micromolar iron- 
free siderophore concentrations the cop- 
per-siderophore complex will be the 
dominant copper species. 

The results of our copper toxicity ex- 
periments are not much help in predict- 
ing how the presence of significant con- 
centrations of a copper-siderophore 
complex might affect phytoplankton ecol- 
ogy in eutrophic lakes. However, that is 
an important question since copper sul- 
fate is widely used as an algicide to pre- 
vent nuisance blooms in lakes and res- 
ervoirs. Blue-green algae, especially 
filamentous bloom-forming species, are 
generally more sensitive to copper tox- 
icity than chrysophytes, chlorophytes, 
and diatoms (Whitton 1973; Gibson 1972; 
Horne and Goldman 1974; Steemann 
Nielson and Brunn Larsen 1976). 

The assumption that copper toxicity is 
a unique function of the cupric ion activ- 
ity, as has been shown for marine eucary- 
otic algae (Sunda and Guillard 1976; 
Jackson and Morgan 1978; Anderson and 
Morel 1978), probably holds for iron-lim- 
ited blue-green algae exposed to signifi- 
cant concentrations of copper-sidero- 
phore complex. The conformation of the 
hydroxamate siderophore in the vicinity 
of the metal ion is critical for recognition 
by the microbial iron-transport system. 
The different coordination numbers for 
topper(4) and iron(6) will result in dif- 
ferent geometries for the copper-sider- 
ophorc chelate (square planar) and the 
iron-siderophore chelate (octahedral: 
Emery 1971). By this argument, it ap- 
pears unlikely that the copper-sidcro- 
phore complex will be assimilated by 
blue-green algal cells. Emery (1971) also 
found that the copper-desfcrriferri- 
chrome complex was not assimilated by 
the smut fungus Ustilugo sphaerogena 
and that copper did not affect ferrichrome 
uptake. Murphy and Lean (1975) found 
that the biological uptake of ““Fe by iron- 
limited Anabaena populations was 
blocked by addition of 10 PM copper; 
however, their work does not demon- 
stratc toxicity of the copper-siderophore 

complex because the added copper was 
probably in excess of the extracellular 
siderophore concentration. Unless extra- 
cellular copper siderophore complexes 
interfere with iron assimilation indirect- 
ly, the presence of copper-siderophore 
complexes in freshwaters should be ad- 
vantageous to cyanophyte populations in 
competition with eucaryotic algal popu- 
lations because of the resulting decrease 
in cupric ion activity. 

In summary, we have shown for two 
filamentous blue-green algae, A. flos- 
aquae and A. cylindrica, that extracellu- 
lar strong copper-complexing agents are 
hydroxamate siderophores by demon- 
strating that increased production of 
strong copper-complexing agent is in- 
duced by iron limitation and that the 
iron-algal exudate complex is more stable 
than the copper complex. Final verifica- 
tion would be to demonstrate that the for- 
mation constant for the iron-algal exudate 
is about 1030 and that the algal exudate is 
capable of transporting iron in Anabaena 
mutants lacking a high-affinity iron trans- 
port system. The copper-siderophore 
complex is predicted to be the major cop- 
per species in blooms of N,-fixing blue- 
green algae where iron is the limiting 
micronutrient. The copper-siderophore 
complex is not expected to be toxic to cy- 
anophytes, and siderophores do not ap- 
pear to be released in response to copper 
toxicity. Better experiments exploring 
the relationship between iron assimila- 
tion and copper toxicity in phytoplankton 
may explain why blue-green algae are 
ostensibly more sensitive to copper tox- 
icity than arc green algae and diatoms. 
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periments are not much help in predict- 
ing how the presence of significant con- 
centrations of a copper-siderophore 
complex might affect phytoplankton ecol- 
ogy in eutrophic lakes. However, that is 
an important question since copper sul- 
fate is widely used as an algicide to pre- 
vent nuisance blooms in lakes and res- 
ervoirs. Blue-green algae, especially 
filamentous bloom-forming species, are 
generally more sensitive to copper tox- 
icity than chrysophytes, chlorophytes, 
and diatoms (Whitton 1973; Gibson 1972; 
Horne and Goldman 1974; Steemann 
Nielson and Brunn Larsen 1976). 

The assumption that copper toxicity is 
a unique function of the cupric ion activ- 
ity, as has been shown for marine eucary- 
otic algae (Sunda and Guillard 1976; 
Jackson and Morgan 1978; Anderson and 
Morel 1978), probably holds for iron-lim- 
ited blue-green algae exposed to signifi- 
cant concentrations of copper-sidero- 
phore complex. The conformation of the 
hydroxamate siderophore in the vicinity 
of the metal ion is critical for recognition 
by the microbial iron-transport system. 
The different coordination numbers for 
topper(4) and iron(6) will result in dif- 
ferent geometries for the copper-sider- 
ophore chelate (square planar) and the 
iron-siderophore chelate (octahedral: 
Emery 1971). By this argument, it ap- 
pears unlikely that the copper-sidero- 
phore complex will be assimilated by 
blue-green algal cells. Emery (1971) also 
found that the copper-desferriferri- 
chrome complex was not assimilated by 
the smut fungus Ustilago sphaerogena 
md that copper did not affect ferrichrome 
uptake. Murphy and Lean (1975) found 
that the biological uptake of ““Fe by iron- 
limited Anabaena populations was 
blocked by addition of 10 PM copper; 
however, their work does not demon- 
strate toxicity of the copper-siderophore 

complex because the added copper was 
probably in excess of the extracellular 
siderophore concentration. Unless extra- 
cellular copper siderophore complexes 
interfere with iron assimilation indirect- 
ly, the presence of copper-siderophore 
complexes in freshwaters should be ad- 
vantageous to cyanophyte populations in 
competition with eucaryotic algal popu- 
lations because of the resulting decrease 
in cupric ion activity. 

In summary, we have shown for two 
filamentous blue-green algae, A. jos- 
aquae and A. cylindrica, that extracellu- 
lar strong copper-complexing agents are 
hydroxamate siderophores by demon- 
strating that increased production of 
strong copper-complexing agent is in- 
duced by iron limitation and that the 
iron-algal exudate complex is more stable 
than the copper complex. Final verifica- 
tion would be to demonstrate that the for- 
mation constant for the iron-algal exudate 
is about 1030 and that the algal exudate is 
capable of transporting iron in Anabaencl 
mutants lacking a high-affinity iron trans- 
port system. The copper-siderophore 
complex is predicted to be the major cop- 
per species in blooms of N,-fixing blue- 
green algae where iron is the limiting 
micronutrient. The copper-siderophore 
complex is not expected to be toxic to cy- 
anophytes, and siderophores do not ;ip- 
pear to be released in response to copper 
toxicity. Better experiments exploring 
the relationship between iron assimila- 
tion and copper toxicity in phytoplankton 
may explain why blue-green algae are 
ostensibly more sensitive to copper tox- 
icity than are green algae and diatoms. 

References 
ANDEREGG, G., F. L'EPLATTESIEH, AND G. 

SCHWARZENBACH. 1963. IIydroxamate (Y)II~- 
plexes. 3. Iron (III) exchange between siclera- 
mines and complexones. A discussion of thrb 
formation constants of‘ the hydroxamate c’otn- 
plexes [in German]. Hclv. Chitn. Act,1 46: 
1409-1422. 

ANDERSON, D. M., AND F. \I. \IOREL. 197X. Cop- 
per sensitivity of Go1~~~u1~1a.u tr~r~~c~rc~n~~i.v. Li tn- 
nol. Oceanogr. 23: 283-29.5. 

CSAKY, T. Z. 1949. On the estimation of bo1111d 
hydroxylamine in biological mnterial. Actu 
Chem. Scald. 2: 4503Fi4. 



70 McKnight and Morel 

DAVIS, W. B., AND R. R. BYERS. 1971. Active trans- 
port of iron in Bacillus megaterium: Role of 
secondary hydroxamic acids. J. Bacterial. 107: 
491498. 

ELDER, J. F., AND A. J. HORNE. 1977. Biostimula- 
tory capacity of dissolved iron for cyanophy- 
cean blooms in a nitrogen-rich reservoir. Che- 
mosphere 6: 525-530. 

EMERY, T. 1971. Role of ferrichrome as a ferric 
ionophore in U&ago sphaerogenu. Biochem- 
istry 10: 1483-1488. 

-. 1974. Biosynthesis and mechanism of ac- 
tion of hydroxamate-type siderochromes, p. 
107-123. Zn J. B. Neilands [ed.], Microbial iron 
metabolism. Academic. 

ESTEP, M., J. E. ARMSTRONG, AND C. VAN BAA- 
LEN. 1975. Evidence for the occurrence of spe- 
cific iron(III)-binding compounds in nearshore 
marine ecosystems. Appl. Microbial. 30: 186- 
188. 

FoGG,C.E.,AND D.F. WESTLAKE. 1955. Theim- 
portance of extracellular products of algae in 
freshwater. Proc. Int. Assoc. Theor. Appl. Lim- 
nol. 12: 219-232. 

G;~CHTER, R., J. S. DAVIS, AND A. MARES. 1978. 
Regulation of copper availability to phyto- 
plankton by macromolecules in lake water. En- 
viron. Sci. Technol. 12: 1416-1422. 

GIBSON, C. E. 1972. The algicidal effect of copper 
on a green and a blue-green alga and some eco- 
logical implications. J. Appl. Ecol. 9: 513-518. 

GUILLARD, R. R. 1975. Culture of phytoplankton 
for feeding marine invertebrates, p. 29-60. Zn 
W. L. Smith and M. H. Chanley [eds.], Culture 
of marine invertebrate animals. Plenum. 

HORNE, A.J., AND C.R. GOLDMAN. 1974. Suppres- 
sion of nitrogen fixation by blue-green algae in 
a eutrophic lake with trace additions of copper. 
Science 183: 409411. 

HULANICKI, A., M. TROJANOWICZ, AND T. K. 
KRAWCZYK. 1977. Determination of copper in 
water by means of chalcocite copper ion-selec- 
tive electrode. Water Res. 11: 627-630. 

HUTCHINSON, G. E. 1953. A treatise on limnology, 
v. 1. Wiley. 

JACKSON, G. A., AND J. J. MORGAN. 1978. Trace 
metal chelator interactions and phytoplankton 
growth in seawater media. Limnol. Oceanogr. 
23: 268-282. 

LANGE, W. 1971. Limiting nutrient elements in fil- 
tered Lake Erie water. Water Res. 5: 1031- 
1048. 

LUCKEY, M.,J.R. POLLACK, R. WAYNE, B.N. AMES, 
AND J. B. NEILANDS. 1972. Iron uptake in Sal- 

monella typhimurium: Utilization of exoge- 
nous siderochromes as iron carriers. J. Bacte- 
riol. 111: 731-738. 

MCKNIGHT, D. M. 1979. Interactions between 
freshwater plankton and copper speciation. 
Ph.D thesis, Mass. Inst. Technol., Cambridge. 

-, and F. M. Morel. 1979. Release of weak 
and strong copper-complexing agents by algae. 
Limnol. Oceanogr. 24: 823-837. 

MILLER, W. E., T. E. MALONEY, AND J. C. 

GREENE. 1974. Algal productivity in 49 lake 
waters as determined by algal assays. Water 
Res. 8: 667-679. 

MOREL, F.M.,N.M. MOREL, D.M. ANDERSON, D. 
M. MCKNIGHT, AND J. G. RUETER, JR. 1979u. 
Trace metal speciation and toxicity in phyto- 
plankton cultures. Zn F. Sakin Jacoff [ed.], Ad- 
vances in marine research. U.S. EPA, Environ. 
Res. Lab., Narragansett, R.I. U.S. GPO. 

-, J.G. RUETER, JR.,D.M. ANDERSON,AND R. 
R. GUILLARD. 1979b. Aquil: A chemically de- 
fined phytoplankton culture medium for trace 
metal studies. J. Phycol. 15: In press. 

MORTON, S. D., AND T. H. LEE. 1974. Algal 
blooms-possible effects of iron. Environ. Sci. 
Technol. 8: 673-674. 

MURPHY,T. P., AND D. R. LEAN. 1975. The distri- 
bution of iron in a closed ecosystem. Proc. Int. 
Assoc. Theor. Appl. Limnol. 19: 258-266. 

-, -7 AND C. NALEWAJKO. 1976. Blue- 
green algae: Their excretion of iron selective 
chelators enables them to dominate other algae. 
Science 192: 900-902. 

NEILANDS, J. B. 1973. Microbial iron transport 
compounds, p. 167-202. Zn G. L. Eichhorn 
[ed.], Inorganic biochemistry, v.1. Elsevier. 

OQUIST, G. 1971. Changes in pigment composition 
and photosynthesis induced by iron-deficiency 
in the blue-green alga Anucystis niduluns. 
Physiol. Plant. 25: 188-191. 

-. 1974. Iron deficiency in the blue-green 
alga Anucystis niduluns: Changes in pigmen- 
tation and photosynthesis. Physiol. Plant. 30: 
30-37. 

PRICE, C. A. 1968. Iron compounds and plant nu- 
trition. Annu. Rev. Plant Physiol. 19: 239-248. 

-, AND E. F. CARELL. 1964. Control by iron 
of chlorophyll formation and growth in Euglenu 
grucilis. Plant Physiol. 39: 862-868. 

SIMPSON, F. B., AND J. B. NEILANDS. 1976. Sider- 
ochromes in cyanophyceae: Isolation and char- 
acterization of schizokinen from Anabaena sp. 
J. Phycol. 12: 4448. 

SOROKIN, C. 1973. Dry weight, packed cells, and 
optical density, p. 321343. Zn J. R. Stein [ed.], 
Handbook of phycological methods. Cam- 
bridge. 

STEEMANN NIELSEN, E., AND H. BRUUN LARSEN. 
1976. Effect of CuSO on the photosynthetic 
rate of phytoplankton in four Danish Lakes. 
Oikos 27: 239-242. 

STEWART, W. D. 1973. Nitrogen fixation, p. 260- 
278. Zn N. G. Carr and B. A. Whitton [ed.], The 
biology of blue-green algae. Univ. Calif. Bot. 
Monogr. 9. 

STRICKLAND, J. D., AND T. R. PARSONS. 1972. A 
practical handbook of seawater analysis, 2nd 
ed. Bull. Fish. Res. Bd. Can. 167. 

SUNDA, W. G., AND R. R. GUILLARD. 1976. Rela- 
tionship between cupric ion activity and the 
toxicity of copper to phytoplankton. J. Mar. Res. 
34: 511-529. 

SWALLOW, K.C.,J.C. WESTALL, D.M. MCICNIGHT, 
N. M. MOREL, AND F. M. MOREL. 1978. Po- 



r 

Copper complexation 71 

tentiometric determination of copper complex- WIIITTON, B. A. 1973. Freshwater plankton, p. 
ation by photoplankton exudates. Limnol. 353-367. Zn N. G. Carr and B. A. Whitton [eds.], 
Oceanogr. 23: 538-542. The biology of blue-green algae. Univ. Calif. 

VUCETA, J. 1976. Adsorption of Pb(I1) and Cu(H) Bot. IMonogr. 9. 
on a-quartz from aqueous solutions: Influence 
of pH, ionic strength, and complexing ligands, Submitted: 13 February 1979 
Ph.D thesis, Calif. Inst. Technol., Pasadena, Accepted: 3 July 1979 


