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Abstract

A synthesis of the current understanding of potential iron limitation of pelagic nitrogen fixation is given, considering biochemical bases of
Fe requirements and empirical observations of growth and Fe quotas of cultures and field populdfieci®ddsmium. The potential for
iron limitation of heterotrophic diazotrophy in the marine environment is also evaluat2@02 Editions scientifiques et médicales Elsevier
SAS. All rights reserved.
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1. Introduction not have a more widespread distribution among oligotrophic
regions.

Biological nitrogen fixation serves to relieve nitrogen ~ Our understanding of marine nitrogen fixation is rapidly
stress to phytoplankton assemblages in vast regions ofProgressing due to advances in three interrelated research ar-
the ocean where inorganic nitrogen species are depleted€as. These include studies geared towards understanding the
Based on an analysis of the World Ocean Atlas 1998 biochemical stoichiometry of diazotrophic growth, possible
database, 47% of the surface waters of the World Ocean ard'utrient limitation of N fixation by field populations ofri-
nitrate-depleted € 1 uM) and have suitably warm surface chodesmium, and the phylogenetic and metabolic diversity
temperaturesx 20°C) for N, fixation by Trichodesmium of organisms responsible for,Nixation. Here we limit our
during summer months [J.K. Moore, pers. comm]. As a discussion of these three areas of research to the context of
result, moderate increases in primary productivity duego N the trace nutrientiron. A more comprehensive review of ma-
fixation by Trichodesmium (or other diazotrophs) in these i€ nitrogen fixation is found elsewhere [14].

regions may increase the oceanic sequestration of C and have "oN is the most important potentially limiting nutrient
a pronounced effect on global climate [3,9]. metal for photoautotrophic growth in the marine environ-

Research on nitrogen fixation in the open ocean had ment. Although iron_ i_s quite in_soluble in oxip seawatgr i_n
its beginnings in 1961, when Dugdale and co-workers [7] the modern ocean, itisa r(_equwed co-factor in the majority
suggested that the warm water colonial cyanobacteriumOf ph_otosynthenp and respiratory redox enzymes. As are-
Trichodesmium spp. could fix dinitrogen. Although these sult, in large regions of the ocean, the ceIIuIa_lr iron demand
results were initially viewed with some skepticism, there is to support optimal growth rate_s of autotr_ophlc phytop_la_mk—
now evidence that pelagic nitrogen fixation contributes-30 ton may exceed the supply. Diazotrophy IMPOSes additional
140x 101 g N per annum to the biosphere [10] representing iron demands for g_rovyth beyond those attributed to photo-
about 10-40% of nitrogen fixed from all sources. On the synthesis and respiration.
other hand, despite the selective advantage of the de novo
synthesis of biologically available nitrogen in a nitrate-poor

environment, it is enigmatic thdrichodesmium species do 2. Biochemistry of N fixation

Despite the inferred iron limitation for diazotrophic
* Correspondence and reprints. growth in oceanic populations ofrichodesmium [9], the
E-mail address: akustka@yahoo.com (A. Kustka). biochemical bases for such possible limitation have received

0923-2508/02/$ — see front mattér 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Pll: S0923-2508(02)01325-6



256 A. Kustka et al. / Research in Microbiology 153 (2002) 255-262

surprisingly little attention. Some portion of the iron cost (a

)
appears to be related to phylogeny rather than the mode of
nitrogen nutrition, as nitrate grown cyanobacteria generally
require greater Fe:C quotas than eukaryotic phytoplankton

[2]. Diazotrophy imposes an additional Fe demand for
growth, as NQ or NHjlr grown diazotrophs (presumably
downregulating nitrogenase) require less iron in culture
media than those grown ompNi15,18].

A revised estimate of the iron cost of nitrogen fixation,
with specific reference tdrichodesmium, was recently con- |
structed to estimate the iron demand as a function of growth (iii.) 0.7 (ii.) 0.5
rat? in field poD.UIatlonS [17]. Thes? calculations apply the Fig. 1. Semi-empirical estimate of the iron requirement for field populations
logic of an earlier effort [25] to estimate the Fe demands of Trichodesmium spp. with a net diazotrophic growth rate of 0.1%d
for biochemical catalysts that can be related to cell growth The FeC cost for each process, shown as pmol FeC, was determined
rates in a meaningful way, such as those directly involved for two scenarios with variable PSI:PSII ratios and Fe efficiencies of the
in biosynthesis and catabolism. In this regard, Fe costs duehitrogenase complex. 48% Mghler activity was assumed for each scenario
to photosynthetic, diazotrophic and respiratory metabolism [17]- (&) Calculations assuming a PSSl ratio of 41 and the most

. Fe-efficient Nhase measured, reflecting the minimal relative Fe demand of
were calculated based on the assumption that the eIeCtrorNZase. (b) Assuming a PHISII ratio of 11 and the least efficient Mse
transport chains operate at maximal reaction rates, as Modmeasured. (i) “Structural” Fe associated with the nitrogenase complex. (i)
ified by diel variation in activity. To compute the Fe costs Fe required for respiration of C to fuelNixation. (iii) Fe required to fix
associated with processes that have a poorly understood relaC Which is subsequently respired to fuej Rxation. (iv) Fe required for
tionship with growth rates, empirical observations were eval- ¢ fxation, not directly related to Nfixation. (v) The maintenance Fe
uated. found in diazotrophic culture experiments wikHichodesmium [18].

Specifically, these calculations considered the iron con- Taple 1
tent and maximum reaction rates of the nitrogenase com-Estimates of the Fe costs for diazotrophic growth in heterotrophic bacteria

\

plex (derived from model heterotroph systems) and esti- Enzyme or process Minimum iron cost
mates or direct measurements of biochemical parametersRespiration [25] 0.244 mol Femol C fixed 1.5
from field populations offrichodesmium. Empirical mea- Npase activity [17] 10.7-29.4 mol Femol N fixed 1.

surements used in the calculations included rates of MehlerRespiration for —
activity (relative to linear photophosphorylation); Nixa- N2 fixation [25] 0.244 mol Fe mol C fixed s
tion (acetylene reduction) activity over the diel cycle, and the Other parameters

superoxide dismutase (SOD) activity of crude cell extracts. C:N of marine heterotrophic

All these parameters were measured in field populations of gzcctteerrlii growth efficiency 269021

Trichodesmium. Photosystem | (PSI) to PSII ratios were es- et growth rate 0.06 g

timated based on literature values for other cyanobacteria,

. Calculated minimum F€ requirements (umohol)?
and a range of values was considered. 9 (umohol)

. . , . . Heterotrophy 0.30
From these data, the required ‘moles’ of iron containing  peterotrophic diazotrophy 25.57
catalysts for linear photophosphorylation; fixation and Phototrophic diazotrophy 11-18
respiration to support diazotrophic growth were calculated. Phototrophic diazotroplfy 28

The resulting “iron use efflc_lency” for_dlaZOFrophIC growth 2 The bacterial growth efficiency and:IE ratio are grand average
was expressed as the marginal capacity for increased growthajues for iron replete cultures of marine bacteria [33). These data
with marginal increases in the Fe:C quota. To calculate the are based on the calculations discussed in text, and are the marginal
required Fe at a given growth rate, the iron use efficiency wasiron requirements fop. = 0.06 d~*. ¢ This value interpolated at =
considered in conjunction with the “maintenance” Fe quota 06 ¢ * from diazotrophic culture work witfrichodesmium [18], and

. . . . unlike other values reported here, inherently includes maintenan¢e Fe
of 13.5 ymol:mol (Fig. 1). This Fe quota is extra_lpolat_eq 10 Losts 0f 135 umakol,
a net growth rate of zero, based on results from iron-limited
diazotrophic culture experiments [18]. Fig. 1 indicates the portion (at least 42%) of the marginal cellular iron burden.
estimated Fe cost tdrichodesmium at a net growth rate  In addition, the maintenance iron represents a large portion
of 0.1 d™1, partitioned among iron-requiring processes. In of the total required iron for diazotrophic growth at 0.1'd
Fig. la, data from the most “Fe efficient” heterotrophic The composition of this pool is poorly understood, but some
nitrogenase preparation (Table 1 in Ref. [17]) was used fraction must be due to biosynthetic catalysts, and 3 of the
in conjunction with a moderately high PBEII ratio of 13.5 pmoimol FeC may be due to Fe-SOD [17]. A minimal
4:1 and 48% Mehler activity. Therefore, this depicts the Fe-SOD quota of 3 pumol Feol C would represent a
lowest expected iron cost due to nitrogenase, relative to significant iron cost toTrichodesmium field populations.
that for photosynthetic units. This lower relative estimate This estimate of Fe in Fe-SOD alone exceeds the whole
indicates that nitrogenase is responsible for a significant organism iron requirement for growth in the open ocean
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diatom Thalassiosira oceanica by 50% [31]. Observations 2000 (a) o (0 0.16

of elevated Fe-SOD quotas Thichodesmium are consistent 0.14

with results from other diazotrophs, and lends support to the "= 1500 4 00 * o012
hypothesis that Fe-SOD may protect nitrogenase in vivo, - ° 0.10 ~
as “Qy" susceptibility of nitrogenase may be related to %1000 A 0.08 _"-3
superoxide produced fromxJ24]. g R 006 =

These semi-empirical calculations and empirical obser- % ° ’

vations are useful in understanding the biochemical bases & 500 A 0.04

for potential iron limitation of nitrogen fixation byfti- £ 0.02
chodesmium, but also make it clear that there is a dearth 0 ! ‘ — 0.00

of specific biochemical in vivo data on iron and nitrogenase 0 50 100 150 0 50 100 150

in marine diazotrophs. To our knowledge, the specific re- Fe:C (umol:mol)  Fe:C (umol:mol)

action rates of the nitrogenase complex are not known for _ R
. .. . . Fig. 2. Carbon-specific N fixation rates and net growth versus cellut& Fe

any cyanobacterium, yet this information is the cornerstone content. (a) Instantaneous fixation rates from cultures difrichodesmium

of biochemical use efficiency calculations. Current models [1], shown here as C-specific rates from reportedhCa ratios and chl a

are based on in vitro maximum specific reaction rates ob- specific rates. The solid line depicts the linear relationship betweed Fe

served in purified proteins prepared from heterotrophic di- and Fe-limited 1 fixation. (b) Net growth and F€ for Ny supported

azotrophs, yet it is the in vivo specific reaction rates which (¢105ed circles [1], open circles [18]) and Hsupported (open triangles
. . i - [18]) cultures ofTrichodesmium. The line indicates the predicted Fe-growth

determine the actualized enzyme-specific iron use efficiency. ejagionship for diazotrophy, as in Fig. 1a.

In addition, a 51 ratio of Fe to MoFe proteins is required for

maximum MoFe-specific reaction rates in vitro [8], but an iron cost model compare to the iron status of field popula-

empirical, in.vivol ratic;]of 31 is observed in th? fresnwater tions? Oceanographic approaches to assess iron limitation
cyanobacteriurtloeothece ATCC 27152 [26]. Since the ab- ¢ oo p1ankton growth have included assessments of cel-

solute levels of proteins and achieved reaction rates were NOY,1ar iron quotas and growth rates of ambient populations
guantified in this study (or in_ any study of cyqnobacteria 10 .5 well as evaluation of physiological responses and geo-
our knowledge), heterotrophic data must continue to serve aS;hemical parameters during iron addition experiments. El-
approximations of in vivo specific reaction rates of nitroge- emental (GN:Fe) quotas have been measured in a Teiw
nase in cyanobacteria. From a biochemical perspective, therechodesmium field populations (Fig. 3). These data suggest
is significant room for advancement towards understanding 5 \vide range of iron contents (from 20 9500 pumoimol

the bioenergetic bases for the increased iron costs of dia‘FeC' Fig. 3) both within and among regions. Many of these

zotrophy. values exceed the Fe requirements for near maximal growth

To date, _two groups have qua_mtitativel_y evaluated the laboratory populations (38—48 pmwlol FeC). However,
Fe cost of diazotrophic growth ifirichodesmium by mea- ¢ is gifficult to interpret these observations without knowl-

suring the iron-limited growth response of culturesToif edge of in situ N fixation or growth rates. Therefore, we
chodesmium (IMS 101) as a function of the cellular iron compiled the published data on :Eecontent and C spe-
quota [1,18]. In general, these groups made similar findings, gjfic N, fixation rates of field populations dFichodesmium

as 38-48 pmoinol FeC were required to achieve a moder- (rjg 4). The first available data set, from Caribbean pop-
ately |ronl-l|m|ted carbon specific, diazotrophic growth rate jations [28], apparently corroborated earlier speculations
of 0.1 d™". Instantaneous Mfixation rates were dependent g6yt elevated iron requirements for diazotrophic growth
upon FeC within the range of iron limitation (Fig. 2a), be-  of Trjchodesmium. Indeed, the relationship for these popu-
yond which luxury uptake of Fe did not increase fixation |ations loosely resembles the Droop equation for nutrient-
rates. Similarly, net carbon-specific growth rates were de- |imjted algal growth [6]. Subsequent observations of similar
p.elndent upon E€ (Fig. 2b). Under ammomum-replete €ON-nitrogen fixation rates at lower e contents for North At-
ditions, only 8 pmaimol FeC was required at & growth  |antic [29] and the Bermuda-Atlantic Time Series (BATS)
rate of 0.1 d', a 5-fold reduction in cellular iron demand  station [21] populations show the earlier Fe:C contents may
(Fig. 2b; [18]). Ammonium supported growth required about ot necessarily reflect a high demand. Under steady state
half the cellular investmentin chl a as growth op, Monsis- conditions, the relationship between:Eeand growth rate
tent with the expectation that diazotrophic growth requires s gescribed by equation (1). If factors other than iron are
iron for additional photosynthetic units as well as for nitro- growth-limiting, low growth rates combined with iron up-

genase complexes. take in excess of growth requirements may result in high
cellular Fe:C quotas.
Fe: CZVSs' K (1)

3. Field populations
In Fig. 4, the regression of iron-limited JNfixation

How do the relationships between growth and iron quo- againstthe cellular Fe quotas in cultures (arrow, as in Fig. 2a)

tas observed in iron-limited cultures or predicted by the suggests most of the in situ iron quotas are in excess of
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T \ T Fig. 4. N fixation and FeC from field populations ofrichodesmium. FeC
0 200 400 600 1600 ratios were calculated as in Fig. 3. C-specifig fikation rates calculated

from original references or (for [1]) from rates and lony~1 provided

by D. Capone. Data are from North Atlantic (open circles, [29]), Australia
(open squares, [1]), Caribbean Sea 1988 (open triangles, [28]), “puff”
(closed diamonds) and “tuft” colonies (open diamonds) from BATS [21].
A 4:1 ratio of acetylene reduction:Nixation was assumed. Arrow denotes
Fe requirement in cultures (see text).

Fig. 3. Summary ofTrichodesmium FeC from various oceanographic
regimes. Australia 1988richodesmium data originally reported as yigdw

[13], and we excluded an observation of £e5% of Trichodesmium by
weight. To derive F&C, we assumed 1 gdw cyanobactesa0.45 g C.
Australia 1999 [1] (“picked” colonies), BATS 1996 [21], and N. Atlantic
1996 [29] Fe:C were determined directly. Caribbean 1988 [28] data reported
as protein Ncolony and Fecolony, and Caribbean 1991 and 1990 [21] data
as Ncolony and Fecolony. We assumed protein M 0.71 total N and a
Trichodesmium C:N of 6.2:1.

put events [21]. Data from this latter study reveal that the
biomass-specific rates of nitrogen fixation increased with
Fe:C content of colonies of the “puff” morphotype (Fig. 4;

] o ) ) r? = 0.68, regression not shown). The increase in “puff”
those required by cultures to attain identical rates pfikt FeC quotas and Mfixation rates coincided with increased
ation. Comparing the field results to the culture and model atmospheric dust concentrations, which started around Ju-
data suggests at least three possibilities. One possibility is|;zp day 190 (Fig. 5a; see [21]). Tuft colonies were not sam-
that field populations in these study areas are not limited pled before the arrival of atmospheric dust. TheG=eon-

by iron. Alternatively, the iron cost for growth is greater in  tents of tufts are statistically indistinguishable from that of
field populations than anticipated by models or actualized pyffs from 4 of 5 sampling events. Curiously, about 90% of
under steady state laboratory conditions. It is also possibletheTrichodesmiumbiomass at the Hawaii Ocean Time series
that some fraction of field “quotas” may reflect extracellu-  station (HOT) exists as free filaments [14], which might be
lar iron scavenged onto cell surfaces. In this regard, there isexpected to have greater carbon specific iron uptake rates,
a need to discriminate between extracellular bio-unavailable gue to an increased exchangeable cell surface area:volume

Fe and cellular iron to adequately understand the relation-ratio. Nothing is known about the iron uptake or quotas of
ships between cellular iron angNMxation rates of field pop-  free filaments.
ulations. Iron incubation experiments provide another approach to
Some observations dlrichodesmium responses to nat-  assessing iron limitation of field populations. The classical
ural iron input events, as well as results from planned iron hypothesis that Fe limits growth of (non-diazotrophic) phy-
incubation experiments, suggest field populations may betoplankton in macronutrient-rich upwelling regions of the
Fe limited. The ocean-basin scale correlation betwEén ocean (so called HNLC, or high nutrient low chlorophyll,
chodesmium abundance and aeolian dust flux has been ad-regions) was formulated in the 1930s by Gran [5,12]. How-
vanced as an argument for a relatively high Fe demand forever, it was not until the 1980s that the Fe hypothesis was
Trichodesmium. Aeolian dust supplies most of the iron to  adequately tested; with the advent of clean techniques, Mar-
oligotrophic open ocean regions removed from coastal in- tin and Fitzwater provided the first credible evidence of iron
put processes [12]. Two time series studies have since evalimitation using bottle incubation experiments at sea. Mart-
uated this suspected relationship. In many regards, these cain’s group and others subsequently demonstrated iron limita-
be viewed as “natural” iron addition experiments. One such tion of phytoplankton growth in several HNLC areas [5,12],
study on the continental shelf of the west coast of Florida yet considerably less work has been done in oligotrophic re-
revealed that the input of aeolian dust from Africa was fol- gions suitable for M fixation.

lowed by an increase in water column dissolved iron con-
centrations and a massiveichodesmium bloom [19]. Sim-
ilarly, bloom concentrations ofrichodesmium developed
at the Bermuda-Atlantic Time Series station after dust in-

Incubation experiments with populations ofichodes-
miumisolated from offshore waters of Barbados have shown
iron-induced stimulation of M fixation rates [27]. In these
experiments, micromolar iron additions were required to
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@ 730 B 250 ing for the Fe protein of nitrogenase) MRNA extracts, this
- study provides conclusive evidence of the phylogenetic and
2 § - 200 . metabolic potential of organisms other than the more ex-
S500 | g tensively studiedTrichodesmium to act as net sources of
_5 - 150 .. fixed nitrogen to pelagic marine ecosystems. Nineteen of
© L g the clones sequenced were inferred to be of cyanobacter-
x ya . . . . .
= § L 100 = ial origin, while the remainder appear to derive from het-
21250 . ¢ erotrophic bacteria. Some of the cyanobacterial isolates ex-
%{ 50 © hibited maximalnifH gene expression during the day and
§ 1 L others at night, suggesting different diel rhythms offix-
0 L 0 ation within the assemblage of diazotrophs. This new phy-

logenetic evidence may indicate that iron’s potential regu-
120150180210240270300330 latory role on pelagic diazotrophy is not simply related to
(b) 750 400 the iron costs of cyanobacterial diazotrophs which fix N
during the day. Nighttime pHixing phototrophs could en-
joy a more efficient use of their cellular iron due to the po-
500 | tential for “iron recycling” associated with the diel cycle of
Noase synthesis and degradation [17]. In addition, cyanobac-
teria may have the ability to share certain electron transport
P 2 chains among metabolic steps in photosynthetic, respiratory
1 and nitrogen fixation pathways [30]. Theoretically, tempo-
3 rally decoupled processes (night-time fikation and day-
® time C fixation) could minimize the redundancy of certain
Julian dav 1996 $ iron containing catalysts and allow for an increase in the iron
0- ‘ ' ' — 0 use efficiency.
180 210 240 270 300 The identification of heterotrophic pelagic diazotrophs
Fig. 5. Seasonal progression of fixation and FeC of two morphotypes at e_lt HOT [35] SuggeStS t_hese bacteria may be_ S|gn|f|cant.N
BATS [Fig. 8in [21] and C col~L provided by Orcutf]. (a) Mfixation rates fixers in the marine environment. The constraints of the high
and FeC contents of “puff” morphology colonies collected at BATS from  iron demand for diazotrophy and low iron bioavailability
Julian days 128-310. Nixation rates (umol Nmol C~*-h~%; diamonds) in marine waters may be less significant for heterotrophic
are offset+7 Julian days to distinguish from Re contents (triangles). (0) - g7 61rophs, First, heterotrophs should require less iron than
As (a) except “tuft” colonies shown. Dust concentrations were elevated . .
starting~ Julian day 190. diazotrophic phototrophs for net growth, due to the absence
of photosynthetic electron transport chains. Second, due to
considerations of the surface area dependence of iron uptake

elicit an effect. These results are difficult to interpret, rates in cultures [31], these heterotrophs may have carbon-
as this concentration of iron exceeds the solubility of Specific iron uptake rates as high as those of similar sized
iron in seawater by several orders of magnitude [12]. cyanobacteria, and higher than those of colonial diazotrophs
Similarly, bottle incubations of a North Carolina coastal such asfrichodesmium.
population (12 km offshore) indicated an 8-fold increase  Since nothing is yet known of the iron status of these
in acetylene reduction rates from iron treatments comparedrecently discovered heterotrophic diazotrophs, we review
to control, molybdenum and phosphorus treatments [22]. the potential roles of iron on non-diazotropic heterotrophic
These results have supported the contention thafixérs bacterial growth in the marine environment, and attempt
have greater iron requirements than non-diazotrophs. Thisto frame these results in the context of the combined
becomes particularly clear when considering that diatoms metabolic (Fe) costs for heterotrophy and diazotrophy.
in the open Atlantic Ocean (presumably with less available A full review of factors limiting heterotrophic growth is
iron than coastal populations) can sustain nitrate supportedwell beyond our scope and is not the intent here. Most
growth and do not appear to experience iron limitation [32]. studies of iron limitation in heterotrophs or phototrophs have
focused on HNLC regions. In these regions, some studies
suggest Fe limitation of heterotrophic growth, but others
4. Phylogenetic and metabolic diversity suggest Fe limitation only after addition of C or N [4].
Presumably, such additional iron would only be necessary to
Twenty seven phylogenetically distinct diazotrophs were fuel growth processes at an increased rate after relief from C
recently identified from nanoplanktor: (10 um) collections  or N limitation. These observations suggest the biosynthetic
at the well studied Hawaii Ocean Time series (HOT) sta- machinery contain adequate Fe for the achieved, C or N
tion [35]. Based on the RT-PCR w@ifH (the gene encod- limited, growth rates. Kirchman et al. [16] suggested that

- 300

n rate

- 200

No fixatio
S
o
Fe: C (umol: mol)
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subarctic Pacific bacteria could be limited instead by the 5. Futureresearch considerations
guantity and quality of DOM.

We compared the measured Eeontents of heterotrophs The three approaches used to address iron limitation
to the expected Fe demand for heterotrophic growth. Phyto-in Trichodesmium (namely estimating biochemical iron
plankton at an open ocean subarctic Pacific station have ademands, evaluating growth — Fe quota relationships and
measured F€ of 3.7 umoimol (2.3 pmotmol, s.d.) [33], ~ Measuring field Fe quotas and growth responses due to
while the FeC contents of heterotrophic bacteria are 6.05 added iron) do not seem to present consistent evidence of
umokmol (£2.5 pmotmol, s.d.). Growth rates of these bac- iron_satiation or Iimita_tio_n. F_Zely_ing sole_ly on nutrient qut_)tas
terial populations have been reportedias: 0.06 d* [33, to diagnose g_rowth limitation in the field is compromised
and references therein]. From a synthesis of published val-PY the capacity of phytoplankton for luxury uptake of
ues, we have calculated the minimum iron requirements to ™" Furthermore, co-I|m_|tat|on by other nutrients or Ilght
support a growth rate of 0.067d for heterotrophic growth cannot t_>e '9T‘°red- Wh||_e cultur_e work helps put field
without the additional costs of diazotrophy (as diazotrophy _obTe(;\_/atmns N perspectlve%\, anl mtelgra_teg_ field apfr_o ach
would not be a suitable strategy for sub-Arctic populations) Qrceislrzgr ngsggizggtivgulgqgigiﬁ ?jre;(r;rrlsi?]tiﬁzgs tr?e :;(c))rr]]
and extend this calculation to include diazotrophy. Consid- status of field populations.
9ration of the heter_otrt_)phic growth eﬁigiepcy [33], an_d the A promising probe for iron limitation has been devel-
go:alzzf;egormri(re\isr?]ll;?rtll?gqgﬁreé:;esfi;?q:gﬂ?;il\z[i?r]ogﬁ?S oped and tested in cultures of three open ocean cyanobac-

- teria, includingTrichodesmium [34]. The IdiA protein, in-
growth of 0.3 umakmol (Table 1). The additional costs for qyeq in iron scavenging in the freshwater cyanobacterium

N> fixation [17], and the extra respiration necessary to fuel Synechococcus PCC 6801, is expressed in high quanti-
diazotrophy [17], suggests that a diazotrophic heterotrophties under iron limitation in cultures d®rocosphaera spp.,
would require a minimum of 2.3-5.7 pmolol FeCtogrow  Trichodesmium, and Synechococcus WH7803. In addition,

at 0.06 d*. This suggests that diazotrophic heterotrophs re- within three days of iron addition to iron-stressed cultures
quire about an order of magnitude more Fe than heterotrophsof Synechococcus WH7803, cellular idiA levels decreased
growing on other sources of N. These estimates do not con-significantly. This should be a useful tool to assess the iron
sider basal metabolic iron costs, or any additional iron costs status of ambient populations, and depending on the mini-
associated with diazotrophy (such as a possible increasednum time required for repression of idiA synthesis, perhaps
demand for Fe-superoxide dismutase). In addition, bacte-in field iron addition experiments as well. Coupling this di-
rial growth efficiency depends on the quality of available agnostic indicator with measurements of cellular iron quota
DOM and is much greater with the incorporation of pre- and growth processes should help refine our quantitative un-
formed amino acids as compared to inorganic nutrients [23]. derstanding of the role of Fe on C specific rates of nitrogen
Nonetheless, these calculations suggest that the iron cosfixation in various oceanographic regimes.

for heterotrophic growth on Nat p = 0.06 d~! (2.5-5.7 The relative ease of culturing, rapid growth rates and high
pmokmol FeC) may be low enough to preclude direct iron achievable b?omass__for heterot_rophic diazgtrophs, such as
limitation. This would depend on the growth and iron up- AZotobacter vinelandii and Klebsiella pasteurianum, have
take rates of these diazotrophs. It is unclear whether the@llowed these organisms to be models for biochemical
greater mean Fe quotas of heterotrophic bacteria in the subStudies on nitrogen fixation. This is apparent in literature
Arctic Pacific, relative to the phytoplankton assemblages searc_hes, as very few bloche_mlcal studies 9f nitrogenase
(6.1 vs. 3.7 umohol FeC), simply reflect a combination proteins have been conducted in cyanobacteria! Fortunately,

: 2 dvances in molecular techniques are obviating the need
of increased carbon specific iron uptake rates and depresseﬁ)r urification of aram-quantities of proteins required for
growth rates (due to C limitation) or whether these het- P 9 d P q

erotrophs truly require more iron than their phototroph coun- traditional experimentation.
terpar{)s yred P P There are special experimental challenges that must

| . - . imi be considered in the case of rearing fastidious marine
In general, marine bacterial productivity may be limited 46 51ankton under trace metal controlled conditions. For
by the quantity and quality of organic carbon [16]. Within

: R . . X -1 Trichodesmium, suitable growth conditions have entailed

an oligotrophic microbial assemblage, relief of iron limi- ging relatively low concentrations of metal chelators such
tation in phototrophs may increase labile DOC production, 55 EDTA (i.e.,< 20 pM). These chelators are employed to

which could then serve as energy and growth substrate forensyre a constant concentration of “available” iron, defined
the diazotrophic heterotrophs. Therefore, heterotrophic di- here as the sum of all iron species not bound to EDTA
azotrophy may be indirectly limited by iron. These calcu- (denoted Fe’), over the course of experimentation. The
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tion. conditions of irradiance, pH, and ionic strength [11], as



A. Kustka et al. / Research in Microbiology 153 (2002) 255-262 261

well as the rate of Fe’ uptake. To ensure that the buffering [3] D.G. Capone, J.P. Zehr, H.W. Paerl, B. Bergman, E.J. Carpenter,
capacity of relatively low ligand concentrations remains Trichodesmium, a globally significant marine cyanobacterium, Sci-
€ IeCt fe at. a ftah 9 St_eady Star:_e CObICEb_t ations o s ' [4] M.J. Church, D.A. Hutchins, H.W. Ducklow, Limitation of bacterial
on y_a raction of the maximum a(_: . levable 'C_’mass C_an e growth by dissolved organic matter and iron in the Southern Ocean,
obtained under batch culture conditions. Low biomassis also  Appl. Environ. Microbiol. 66 (2000) 455—466.

a requirement in order to strictly control the nitrogenous [5] H. de Baar, von Liebig law of the minimum and plankton ecology

nutrition of Trichodesmium cultures. Batch cultures under (1899-1991), Prog. Oceanogr. 33 (1994) 347-386.

. . .. e L [6] M.R. Droop, Vitamin B> and marine ecology. IV. Kinetics of uptake
appqrgnt dla_lZOt_mphIC grOWth conditions ,eXthIt blpmass- growth and inhibition inMonochrysis lutheri, J. Mar. Biol. Assoc.
specific N fixation rates which progressively decline as UK 48 (1968) 689-733.
biomass reaches excessive concentrations @g:elp0 pg [7] R.C. Dugdale, D.W. Menzel, J.H. Ryther, Nitrogen fixation in the
L~ chl a), thus becoming decoupled from C fixation [20]. Sargasso Sea, Deep Sea Res. 7 (1961) 297-300.

. 0 : . [8] R.R. Eady, B.E. Smith, in: R.W.E. Hardy, F. Bottomley, R.C. Burns
At these levels of biomass, up to 70% of nitrogen nutrition (Eds.), A Treatise on Dinitrogen Fixation, Wiley-Interscience, New

is supplied by re_generated n@tr_o_genous compounds in media York, 1979, pp. 399-490.

where no combined N was initially added [20]. Excluding [9] P.G. Falkowski, Evolution of the nitrogen cycle and its influence on
such high rates of N uptake from regenerated sources the biological sequestration of GGn the ocean, Nature 387 (1997)
under nominally ‘diazotrophic’ conditions may be critical 272-215.

. ti t ic studi di tial duri [10] N. Gruber, J.L. Sarmiento, Global patterns of marine nitrogen fixation
In comparative proleonomic studies and IS essental during and denitrification, Global Biogeochem. Cycles 11 (1997) 235-266.

quantitative determinations of energy and iron requirements[11] R.J.M. Hudson, D.M. Covault, F.M.M. Morel, Investigations of iron
for diazotrophy, as both costs are significantly elevated coordination and redox reactions in seawater using Fe-59 radiometry
relative to ammonium-supported growth Tnichodesmium and ion-pair solvent-extraction of ampiphilic iron complexes, Mar.
(Fig 2b) Chem. 38 (_1992) 209-235. _ _
) ' [12] D.A. Hutchins, Iron and the marine phytoplankton community, Prog.
Phycol. Res. 11 (1995) 1-49.
[13] G.B. Jones, C. Burdon-Jones, F.G. Thomas, InfluenceTrof
chodesmium red tides on trace metal cycling at a coastal station in
the Great Barrier Reef lagoon, Oceanol. 1 (1982) 319-326.
Quantitative data on factors limiting marine nitrogen fix- [14] D.M. Karl, A. Michaels, B. Bergman, D.G. Capone, E.J. Carpenter,
ation will be invaluable for modeling the influences of ma- R. Letelier, F. Lipschultz, H. Paerl, D. Sigman, L. Stal, Dinitrogen
rine diazotrophy on global climate as well as the impact fixation in the world’s oceans, Biogeochemistry, in press.

. . . [15] A. Kerry, D.A. Laudenbach, C.G. Trick, Influence of iron limita-
of global climate change on marine diazotrophy [9]. From tion and nitrogen source on growth and siderophore production by

6. Summary

a biochemical perspectivdyichodesmium and other ma- cyanobacteria, J. Phycol. 24 (1988) 566-571.
rine diazotrophs are poorly studied and exist in an environ- [16] D.L. Kirchman, Limitation of bacterial growth by dissolved organic
ment drastically different from that of model diazotrophs. matter in the subarctic Pacific, Mar. Ecol. Prog. Ser. 62 (1990) 47-54.

. . . . [17] A. Kustka, S.A. Safiudo-Wilhelmy, D.G. Capone, E.J. Carpenter, J.A.
The extremely nutrlent_deplete_ conditions Of_the O_I'gOtrOph'C Raven, A revised estimate of the iron cost of nitrogen fixation, with
ocean suggest that biochemical and physiological adapta-  special emphasis on the marine cyanobacteritirichodesmium spp.
tions may exist which are not found in model diazotrophs. (Cyanophyta), J. Phycol. (2002) in review.

Coupling molecular tools to physiological and geochemical [18] (A;- K‘:;tkavdsi:A- Saﬁt“do'\’;’”he'mé’r NEI-.Ii. Cafper':tzﬁ WI-IG- SU”fdav
measurements should improve our understanding of marine ~ SroWth and Fe quotas of Nand NH, supported cultures o

. : Trichodesmium (IMS 101): comparison with nitrogen fixation rates,
diazotrophs and the factors that regulate their ratesgbiN iron quotas and incubation experiments from field populations, Mar.

ation. Ecol. Prog. Ser. (2002) in prep.
[19] J.M. Lenes, B.P. Darrow, C. Cattrall, C.A. Heil, M. Callahan, G.A.
Vargo, R.H. Byrne, J.M. Prospero, D.E. Bates, K.A. Fanning, J.J.
Acknowledgements Walsh, Iron fertilization and th&richodesmium response on the West
Florida shelf, Limnol. Oceanogr. 46 (2001) 1261-1277.

We thank K. Orcutt for providing’richodesmi umC and N [20] M.R. Mulholland, D.G. Capone, Stoichiometry of nitrogen and carbon

. . utilization in cultured populations dffrichodesmium IMS 101: impli-
data complementing data in Ref. [21], and |. Berman-Frank cations for growth, Limnol. Oceanogr. 46 (2001) 436443,

for providing raw data in Ref. [1]. D. Capone provided N  [21] K.M. Orcutt, F. Lipschultz, K. Gundersen, R. Arimoto, A.F. Michaels,

fixation data from the Australia 1999 work from [1] cited in A.H. Knap, J. Gallon, A seasonal study of the significance of N

Fig. 4. fixation by Trichodesmium spp. at the Bermuda Atlantic Time-series
Study (BATS) site, Deep Sea Res. Il 48 (2001) 1583-1608.

[22] H.W. Paerl, L.E. Prufert-Bebout, C. Guo, Iron stimulategl fixation
and growth in natural and cultured populations of the planktonic ma-
rine cyanobacteridrichodesmium spp., Appl. Environ. Microbiol. 60
(1994) 1044-1047.

[1] I. Berman-Frank, J.T. Cullen, Y. Shaked, R.M. Sherrell, P.G. [23] W.J. Payne, W.J. Wiebe, in: M.P. Starr, J.L. Ingraham, S. Raffel (Eds.),

References

Falkowski, Iron availability, cellular iron quotas, and nitrogen fixation Ann. Rev. Microbiol. Annual Reviews, Inc., Palo Alto, 1978, pp. 155—
in Trichodesmium, Limnol. Oceanogr. 46 (2001) 1249-1260. 183.

[2] L.E. Brand, Minimum iron requirements of marine phytoplankton and [24] A. Puppo, J. Rigaud, Superoxide dismutase: an essential role in the
the implications for the biogeochemical control of new production, protection of the nitrogen fixation process?, FEBS Lett. 201 (1986)

Limnol. Oceanogr. 36 (1991) 1756-1771. 187-189.



262 A. Kustka et al. / Research in Microbiology 153 (2002) 255-262

[25] J.A. Raven, The iron and molybdenum use efficiencies of plant tion and nitrogen fixation in cyanobacteria, Photosynth. Res. 15 (1988)
growth with different energy, carbon and nitrogen sources, New 95-114.
Phytologist 109 (1988) 279-287. [31] W.G. Sunda, S.A. Huntsman, Iron uptake and growth limitation in

[26] J.P.H. Reade, L.J. Dougherty, L.J. Rogers, J.R. Gallon, Synthesis and  gceanic and coastal phytoplankton, Mar. Chem. 50 (1995) 189-206.

proteokl)ytlc d'egra(asc:atlo?] of nltrogen:_?(e:(':n ;;jlltg;eslvclj'f thg_ ﬂ”'i‘i:ls‘"ar [32] K.R. Timmermans, M. Gledhill, R.F. Nolting, M.J.W. Veldhuis, H.J.W.
cyanobacteriumGloeothece strain » Microbiol. de Baar, C.M.G. van den Berg, Response of marine phytoplankton in

(1999) 1749-1758. hi ith hin: iron enrichment experiments in the northern North Sea and northeast
[27] J.G. Rueter, D.A. Hutchins, R.W. Smith, N.L. Unsworth, in: E.J. Car- Atlantic Ocean, Mar. Chem. 61 (1988) 229-242.

penter, D.G. Capone, J.G. Rueter (Eds.), Marine Pelagic Cyanobac- . . .
terium: Trichodesmium and other diazotrophs, Kluwer Academic, Dor- [33] P.D. Tortell, M.T. Maldonado, J. Granger, N.M. Price, Marine bacteria

drecht, 1992, pp. 289-306 and biogeochemical cycling of iron in the oceans, FEMS Microbiol.

[28] J.G. Rueter, Iron stimulation of photosynthesis and nitrogen fixation Ecol. 29 (1999) 1-11. ]
in Anabaena 7120 andTrichodesmium (Cyanophyceae)Y J. Phyco' 24 [34] E.A. Webb, J.W. Moffett, J.B. Waterbury, Iron stress in open-ocean

(1988) 249-254. cyanobacteria Synechococcus, Trichodesmium, and Crocosphaera
[29] S.A. Safudo-Wilhelmy, A.B. Kustka, C.J. Gobler, D.A. Hutchins, spp.): Identification of the IdiA protein, Appl. Environ. Microbiol. 67
M. Yang, K. Lwiza, J. Burns, D.G. Capone, J.A. Raven, E.J. Car- (2001) 5444-5452.
penter, Phosphorus limitation of nitrogen fixation Tychodesmium [35] J.P. Zehr, J.B. Waterbury, P.J. Turner, J.P. Montoya, E. Omoregie, G.F.
in the central Atlantic Ocean, Nature 411 (2001) 66—69. Steward, A. Hansen, D.M. Karl, Unicellular cyanobacteria fix iN

[30] S. Scherer, H. Almon, P. Boger, Interaction of photosynthesis, respira- the subtropical North Pacific Ocean, Nature 412 (2001) 635-638.



