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Abstract: Microbes frequently navigate the environment with the help of small, excreted
metabolites. [ron-binding molecules called siderophores are one such set of secondary metabolites
that are commonly used by microbes to access the essential trace element iron. Although many
marine microbes produce siderophores, a substantial number, including the highly abundant
SARI1I clade of Pelagibacterales, do not and it has remained unclear whether such non-producers
can access siderophore-bound iron. Here, we show that iron-limited SAR11 cultures fail to grow
in the presence of the hydroxamate siderophore ferrichrome but exhibit robust growth in the
presence of the catechol siderophore enterobactin. We confirm that this is linked to iron availability
using transcriptomic and >°Fe radio tracer uptake experiments. This phenotype can be explained
by the relative lability of enterobactin-bound iron in seawater, a phenomenon that<has ‘been
previously observed in field studies and which we demonstrate with a simple kinetiesmodel.
Further experiments with the marine heterotrophs Phaeobacter inhibens and’ Vibrioyharveyi
suggest that enterobactin-Fe is unlikely to support the faster growth rates of these organisms
without the use of biochemical uptake mechanisms. Overall, our work, prevides a model of
siderophore use that considers bioavailability conferred through both kineticvand biochemical
mechanisms and shows that some catechol-bound Fe may be widely ayailable to small, slow
growing marine organisms.

Keywords: iron, siderophore, SAR11, enterobactin, ferrichrome,secondary metabolite, Vibrio
harveyi, Phaeobacter inhibens

Introduction:

Access to the trace metal iron (Fe) limitsumicrobial growth in large swaths of the world’s
oceans . One microbial response to thislimitation is to produce siderophores, small
compounds with high affinities for/Fe(IlI) that can help to solubilize and stabilize iron for
subsequent cellular uptake *. Siderophores are commonly produced by cultured marine
heterotrophs >¢ but theirrole in ifon bioavailability in the oceans remains incompletely
understood. Severalideeades of research have shown definitively that the majority of iron in the
oceans is complexed to organic ligands (see review by 7 and references therein). However, the
relative. contribution of siderophores to this pool remains an active area of research. Recent
advances in mass spectrometry have enabled the detection of siderophores in the waters of the
Atlantic, Pacific, and Southern oceans and started to provide a window into their distributions *
12 These measurements of siderophores in seawater are noteworthy beyond the marine context as

they represent the most extensive dataset available on the environmental distributions of
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secondary metabolites of any kind and offer a test of our capacity to establish general trends in
small molecule use in natural systems. All major siderophore chemistries — catecholate,
hydroxamate, and carboxylate— have been detected but hydroxamates are by far the most
common. Siderophores are typically present at picomolar concentrations and can complex up to
80% of the total Fe pool in marine waters, although this is highly variable spatially and
temporally !'!3. Despite clear demonstrations of their presence in seawater and biosynthesis.by
marine organisms, siderophore use in the ocean remains somewhat enigmatic:-many organisms
seem not to produce them, and it is unclear how, if at all, these non-producing microbes might
access siderophore-bound Fe.

The SAR11 clade of Pelagibacterales, the most numerically abundant marine
heterotrophs 4, is one such group of microbes that appear to have eschewed siderophore
production as an iron acquisition strategy. Members'of the’'SAR11 clade possess none of the
classical siderophore biosynthetic machinery °. Sidefophores, by definition, have high affinities
for iron, as reflected by experimentally determined stability constants * and siderophore-bound
Fe is therefore considered inaccessible to organisms without specialized machinery. The best
studied strategies for the uptake of siderophore-bound Fe uptake are 1) the reductive mechanism
wherein iron is reduced and, liberated from siderophores at the cell surface or ii) transport into the
cell, using highly specialized transporters, often paired with further intracellular degradation via
hydrolase$ >'6-18"Many bacteria possess transporters for siderophores they do not synthesize
themselves and can therefore still access Fe bound to exogenously produced siderophores. This
type of “siderophore piracy” is well documented in terrestrial organisms as well as marine

heterotrophs '°?2. However, SAR11 genomes do not encode canonical transporters for
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2324 and it has therefore been assumed that this organism is unable to access

siderophores
siderophore-bound Fe of any type.

Yet, our understanding of the extent of siderophore usage in marine systems is
continually being revised and expanded. Genes for siderophore uptake have now been found in
the genomes of the marine phytoplankton Syrnechococcus and Prochlorococcus, organisms that
with a few exceptions 2>2® do not produce siderophores and have long been thought fiot to-utilize
them >4, There has also been growing evidence for marine organisms that can utilize
siderophores through non-traditional mechanisms, including endocytosis 2%, These new studies
are beginning to offer mechanistic explanations for previous observations of the surprising
availability of siderophore-bound iron to marine microbes ', More than two decades ago,
Hutchins et al. ?* showed that iron bound to many siderophores was available to both cultured
marine phytoplankton and natural phytoplankton.populations from the Gulf Stream and Sargasso
Sea. The bioavailability of siderophore-bound iron'te’'marine diatoms was also shown in
culturing work from Strzepek et al. ** and field'studies in the Ross Sea by Kustka et al. *!. While
these authors tested many siderophores, jan emergent theme was that iron bound to the catechol
siderophore enterobactin, widely viewed as the strongest known siderophore due to its very high
stability constant 32, was often among the most bioavailable. Consistent with this finding,
characterizations ofienterobactin-Fe chemistry have shown that in marine waters, enterobactin
has a much more moderate conditional stability constant and quite fast dissociation constants
(334, Fig.1), a feature invoked by Kustka et al. 3! as a potential explanation for its seeming
bioavyailability.

Previous work mostly focused on siderophore availability to large phytoplankton where

access may be conferred through a combination of biochemical uptake and the lability of the Fe-
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enterobactin complex. However, the biggest benefits of enterobactin bioavailability are likely
seen by small cells with slow growth rates and low iron requirements which should enable them
to live on siderophore bound iron without any uptake machinery. We revisited this question by
directly challenging cultured representatives of the SAR11 clade with enterobactin as well as the
model hydroxamate siderophores ferrichrome and ferrioxamine. Our experiments revealed that
SARI1I exhibits robust growth in the presence of enterobactin but fails to grow in the presence of
ferrichrome and ferrioxamine. Transcriptomic and >>Fe uptake studies confirm-the.enhanced
bioavailability of enterobactin. This result is explained by a simple kinetic moedel-showing that
faster dissociation constants of enterobactin compared to ferrichrome and ferrioxamine in
seawater allow enterobactin-bound Fe to provide the iron necessary to'support the relatively slow
growth of SAR11. A second set of experiments with the.marine heterotrophs Vibrio harveyi and
Phaeobacter inhibens support the hypothesis that-the,faster growth rates seen in these organisms
likely require specialized cellular uptake machinery.for enterobactin-Fe. Our results provide
context for previous work demonstrating the high bioavailability and low iron-binding capacity
of enterobactin in seawater and emerging findings that hydroxamate siderophores are far more

commonly detected in marine waters than catechols.

Materials and Methods
SARI11 growth conditions

SAR11 HTCC1062 and HTC7211 were gifts from the Giovannoni lab (Oregon State) and
Chisholm lab (MIT), respectively. Cultures were grown in polystyrene tissue culture flasks and
maintained at 20°C (HTCC1062) or 22°C (HTCC7211) in the dark without shaking in a modified

version of AMS1 *°. Aquil trace metals *® containing 100 pM EDTA and no added Fe were used
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instead of AMSI trace metals. Measurements of representative media batches by Inductively-
Coupled Plasma Mass Spectrometry (ICP-MS) showed background iron was 50-100 nM. Growth
medium was prepared in acid cleaned plasticware and sterilized using filtration rather than
autoclaving, CO; and air sparging steps were also omitted (this modified version of AMSI is
previously reported in *7). Before the start of experiments cells were grown to mid exponential
phase (~1x10° cells mL!) and inoculated into experimental treatments. Enterobactin; ferrichrome
and ferrioxamine B were purchased from Sigma or Cayman chemical and maintained as 10 mM
stocks in 9:1 acetonitrile:water (enterobactin) or water (ferrichrome, ferrioxamine’B) and kept at
-20°C. For initial experiments with SAR11 (Fig 2, Fig. S1 ), 100 uM siderophore stocks were
made in water and used to initiate experiments. To avoid degradation,’Siderophores were added
immediately before cells were added (no pre-equilibration).\Vehicle controls for acetonitrile were
not conducted in these experiments due to the extremely low carryover (100,000X dilution). Due
to heightened concern over enterobactin degradation-in aqueous solutions, for later experiments
(Figs. 4E, 5A, S3), 1 mM enterobactin‘stocks were maintained in 9:1 acetonitrile:water and
added directly to culture media. Due to the larger and continued acetonitrile additions, vehicle
controls were conducted for alkitreatments (i.e. at each time point, all treatments received either
enterobactin in 9:1 aeetonttile:water or just 9:1 acetontrile:water). Enterobactin and vehicle
controls were adjusted at each time point for the volume lost to sampling for flow cytometry
(500 pL lost per time point). Our data suggest that acetonitrile has little effect on SAR11 at these
concentrations. Cell concentrations were determined by flow cytometry: 500 pL of culture was
fixed with glutaraldehyde (1% final) and stored at -80°C. For analysis, samples were thawed and

stained with SYBR green nucleic acid stain for 45 minutes (Fisher, S7567, used at
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manufacturer’s recommended 1X final concentration) before being analyzed using an Accuri C6

flow cytometer (BD, Fig 2AB, S1) or Guava easyCyte HT (Fig. 2CD, 4E, 5A, S3).

Short-term siderophore exposure, RNA extraction and RT-gPCR

For short-term siderophore exposure experiments, cultures were inoculated at 8x10° cells.mL in
media containing either 100 nM enterobactin or 100 nM ferrichrome and incubated in'the-dark at
22°C. At the start of experiments 170 mL of culture from untreated controls was harvested by
filtration onto 0.1 um 47 mm polycarbonate filters, flash frozen, and stored at -80°C for later
analysis. These “T0” samples were used as the calibrators for gene expression data. After 48
hours, 170 mL of culture was harvested from all treatments by filtration as described above, flash
frozen, and stored at -80°C for later analysis. RNA isolation was performed with the Qiagen
RNEasy kit using lysozyme and proteinase K. Extractions ‘were conducted according to the
manufacturer’s instructions except that the lysis buffer was increased to 0.5 mL per sample to
ensure full coverage of filters, which were placed directly into the buffer and an additional 5-
minute sonication step was added to inctease yields. Following isolation, RNA was treated with
turbo DNAse (Invitrogen) using the rigorous protocol (2 pL enzyme reaction™). cDNA synthesis
was performed using-the 1Script cDNA synthesis kit (Bio-Rad) using 500 ng RNA per reaction.
RT-gqPCR was performed using the iScript SYBR green master mix and a CFX duet qPCR
machine (Bio-Rad) with the following program: 95°C for 3 minutes followed by 40 cycles of:
95°C. for 10 seconds, 57°C for 30 seconds. To confirm that qPCR primers amplified the correct
gene, amplicons were separately PCR amplified, and Sanger sequenced (see Table S2 for primer
sequences). Minus reverse transcriptase (-RT) reactions were performed for all genes and

treatments. The lowest amplification detected in minus RTs was at 27 cycles, which was greater
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than the threshold cycle for any of the genes analyzed. Fold changes were calculated using the
delta delta Ct method ** with rpoD as the housekeeping gene and the initial time point as the

calibrator.

3Fe uptake experiments

For iron uptake experiments SAR11 HTCC1062 was grown to mid exponential phase'in‘iron free
media with 100 uM EDTA. Cells were then concentrated via gentle filtration, washed, and
inoculated at a density of 1x10® cell mL™! into media containing either 1.uM enterobactin or 1
uM ferrichrome (without EDTA) and 20 nM of the radio-isotope >°Fe (as °FeCls, Perkin Elmer)
which was pre-equilibrated with siderophores for at least 24 hours. Experiments commenced
with the addition of cells to media treatments. At each time point (0, 15, 40 and 60 minutes for
experiment 1, or 0, 10, 40, and 60 minutes for experiments 2) 5 mL of cells were filtered onto 0.1
um polycarbonate filters, washed twice with oxalate EDTA and NaCl *° and transferred to
scintillation cocktail (Ultima Gold, PerkinElmer). A counting efficiency of 30% and total iron
120 nM (labelled= 20 nM and background= 100 nM) of was used to calculate per cell iron, cell
numbers were assumed to be constant over the short experiment. Uptake rates were calculated as
the linear regression-of Fe per cell vs time for two biological replicates across two separate

experiments (4 replicates total).

Abiotic degradation and LC-MS
For abiotic degradation experiments enterobactin was incubated in milliQ water buffered with
ImM HEPES at pH 8.1. To facilitate easy detection by LC-MS, the siderophore was added at a

final concentration of 20 pM. This experimental setup allowed for direct LC-MS injection
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without the need for purification and concentration via solid phase extraction which could
introduce further artifacts. Iron (as FeCl3) was added at a final concentration of 40 uM. Samples
were incubated in 15 mL polystyrene conical tubes in the dark at 22°C and sampled every other
day. Samples were immediately frozen at -20°C for LC-MS analysis. Siderophores were detected
on an Agilent 1260 liquid chromatography systems with a single quadrupole mass spectrometer
(Agilent MSD) using a C18 column (Poroshell 120-EC, 50 mm length, 3mm diameter;, 2. 7.um
particle size) under a gradient of acidified (0.1% formic acid) water to acidified (0.1% formic
acid) acetonitrile over 12 minutes. Enterobactin was detected using Single Ion Monitoring, in

negative mode (m/z=668.5) and identity was confirmed by comparison to a standard.

Phaeobacter inhibens and Vibrio harveyi growth.conditions

Phaeobacter inhibens DSM17395 and. V. harveyi BB120 were cultured using H-Aquil, a
defined medium for trace metal studies'in matine heterotrophs 3. For Phaeobacter experiments,
glucose (10 g L") was used as the carbon source instead of glycerol. To initiate experiments,
cultures were struck onto L-Marine or marine broth plates and grown overnight at 25°C. Single
colonies were then ineculated into defined H-Aquil medium without added iron and grown in
polystyrene tissue culture flasks with shaking at 200 RPM. To exhaust any cellular iron reserves,
a total of three transfers (1:100 dilutions every ~24 hours) were conducted before the start of
experiments. Growth experiments were conducted in 96-well plates and growth was monitored
using absorbance at 500 nm, read once per hour in a Synergy Epoch-2 Plate reader (Agilent). For
aged media experiments, growth medium was maintained in 15 mL polystyrene conical tubes at

22°C in the dark for 14 days before being used for experiments.

920z 14dy $Z uo 1senb Aq 9z¢ 1998/ L L BeoA/008WSI/SE0 L 01 /I0P/3]01HMB-20UBAPE/UNWIWOISWSI/WO9 dno-ojwapeoe//:sdyy wolj papeojumoq



Kinetic model
Ignoring the uptake by the cells, the evolution of Fe' can be calculated by integrating the

differential equation below :

Ae] — RGeEPTAIFEDTA] — KEY[Y][Fe'] + ki [FeY] ()

where FEEDTA is the FeEDTA complex (taken to be initially 100 nM), Y, represents the free
siderophore (enterobactin or ferrichrome), Fe' is the unbound iron, k5°EPT4 is the dissociation
constant for the FEEDTA complex and k]f ¥ and k5" are the formation and dissociation

constants for the Fe-siderophore complex, respectively (following values shown in Fig.1C). This

equation is complemented by a corresponding differential equation for the time evolution of FeY:

L — eV [Y][Fe’] — K5 [FeY) 2)

As long as the total’added ligand is conserved, the free ligand concentration can be
calculated from [¥]. =\[Y,44ea] — [FeY]. In the case of enterobactin, however, when we also
investigated the.consequences of a degradation of apo-enterobactin, and the following
differential equation has to be solved in addition:

d[Y]

=== —kf[Y][Fe'] + ki [FeY] — ki.g[Y] 3)

10
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where kY, g 18 the first-order degradation rate of the apo-form of the ligand. Finally, to a first
approximation one may take the concentration of FEEDTA as constant; a somewhat more
accurate solution is obtained by solving a fourth equation for the rate of change of the FeEDTA

complex:

SO __ oA oo ¥

The model equations (1) to (4) were integrated in time with the solve_idp) function from the
scientific python package SciPy, using an implicit variable-ordef scheme from “° and automatic
stepsize control. Given that concentrations in molar unitsare'on the order of 10, fairly strict
tolerances had to be used for the stepsize control. The initial conditions at ¢ = 0 chosen in the

integration were:

([Fe'l, [FeY], [FeEDTA), [Y]) = (0;0, FeEDTAO, Yadded) (5)

where FeEDTAO and Yadded are'the initial concentrations of FeEDTA (100 nM) and added ligand

Y (25/50/100 nM ofvl tM).

Biological uptake calculation

The cumulative Fe’' uptake by SAR11 for unlimited growth in the growth experiments can be
estimated from the initial cell density C,, the maximum growth rate obtained during exponential
growth in the non-limited conditions (4., and the cellular uptake rate estimated in the short-term

>Fe uptake experiments a.;;. The instantaneous iron uptake calculated from these numbers is

11
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BFeinst = acen Co gHmaxt (6)

Integrating this over time gives the cumulative iron uptake in the experiments, assuming unlimited

growth:

BFecym = Zce” Co etmaxt (7)

max

Comparing this calculated Fe’ demand to the abiotically calculated Fe"*from the kinetic model is
a simplification for two reasons: First, in the case of iron-limited growth, the iron uptake would
be lower than what is calculated here. For this reason, we&'show the uptake as a wedge, rather
than a line in Fig. 4A-D. Second, the uptake of Fe’ by the bacteria would affect the Fe'-
siderophore equilibrium and lead to an additionalrelease of Fe’ from the FeY complex. Taking
this fully into account, however, requires and model that links the change of Fe’ uptake to
changing cell numbers explicitly, which'requires information on how SAR11 growth is reduced
under iron limitation using'a cellular half-saturation constant for iron uptake. As, to our
knowledge, these constants have not been reported for SAR11, we have refrained from making

this calculation.

Statistical’Analysis

Statistics were performed either in R ' (ANOVA) or excel (t-tests).

Results and Discussion

12
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SARI11 grows robustly in the presence of the catechol siderophore enterobactin but not the
hydroxamate siderophore ferrichrome

To test the effects of siderophores on the growth of Pelagibacter ubique we established a
moderately low iron system (Fer <100 nM) that utilizes the synthetic chelator EDTA (100 uM)
in combination with either enterobactin or ferrichrome. We next determined growth in response
to a gradient of siderophore additions ranging from 25 nM to 100 nM. The presence 0f as-little as
25 nM ferrichrome led to a measured decrease in SAR11 HTCC1062 growth (with growth rates
during exponential phase dropping from 0.54 to 0.36 d"! and yields dropping to~7% of untreated
controls, Fig. 2, Table S1) and 100 nM led to near cessation of growth, consistent with previous
observations #%. In contrast, up to 100 nM enterobactin had muchsmildér effects, growth rates
were maintained at ~88% and yields remained at ~80%.0f untteated controls regardless of
siderophore concentration (Fig. 2, Table S1). In two'replicate experiments we observed similar
trends (Fig S1), albeit with varying effects on cell yield (Table S1), which we attribute to
fluctuations in levels of background iron, which may be well below 100 nM in some
experiments. To further explore this phenotype, we extended our studies to SAR11 HTCC7211
another clade Ia member of this group, observing highly similar results, with clear growth
cessation in the presence of, 100 nM or 200 nM ferrichrome and almost no effect of enterobactin

at either concentration (Fig. 2CD).

SARIL1 upregulates the iron transport genes sfuAd and sfuB in the presence of ferrichrome but not
enterobactin
To ensure that the difference between ferrichrome and enterobactin treated cells is truly

due to iron as opposed to toxicity or some other mechanism, we examined the expression of

13
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genes in HTCC7211 known to be upregulated in response to iron limitation. Previous studies of
iron limitation in P. ubigue HTCC1062 ** have reported strong upregulation of an iron ABC
transporter encoded by sfuA, as well as an ATPase and a permease (sfuB) and a periplasmic iron
binding protein (sfuC). Despite high levels of expression for sfuC observed previously, homology
between HTCC1062 and HTCC7211 was weaker for this gene than for the others so we chose to
focus our qPCR studies on sfuA and sfuB. To avoid the potentially confounding effects,oflarge
growth differences between enterobactin and ferrichrome treated cultures (Fig-2), we examined
the short-term response of HTCC7211 to the presence of each siderophore. The-expression of
sfuAd and sfuB was quantified in cells grown to mid-exponential phase and resuspended at high
concentrations (~8x10° cells mL™") in media supplemented witheither: 100 nM ferrichrome, 100
nM enterobactin, or no addition. In the presence of ferrichrome, our results clearly show
upregulation of sfuAd and sfuB compared to the initiahtime point. However, in the presence of
either enterobactin or no addition, these iron stress'genes show little change (Fig. 3A). It is
notable that sfuB showed a slight increase in enterobactin treatments, suggesting that the cells
may experience mild limitation. As a control, we also examined changes in the expression of
recA, a gene involved in DNA'repair, which showed no change across treatments, confirming

that the observed respense is driven by iron limitation.

>Fe uptake rates are higher for enterobactin- vs ferrichrome-bound iron

As a further test of the differences in bioavailability between enterobactin and
ferrichrome, we compared *>Fe-uptake rates in SAR11 cultures (HTCC1062) in the presence of 1
uM enterobactin or 1 uM ferrichrome. We observed clear differences between the treatments:

uptake in the presence of enterobactin was ~2.4 x10! mol Fe cell"! hr'! whereas uptake rates in

14
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the presence of ferrichrome were negligible and rate calculations often yielded negative slopes,
reflecting a lack of uptake over the experimental period (Fig. 3B). This result supports our
hypothesis that Fe derived from enterobactin is more bioavailable than ferrichrome. To our
knowledge, these data represent the first reported iron uptake rates of any kind for SAR11 and
when normalized to surface area, our results are remarkably consistent with previous

observations of iron uptake by other marine microbes. Work by Lis et al. 43

compared thewuptake
of iron bound to the siderophore ferrioxamine across species by normalizing iron‘uptake rates
(mol cell hr'!) by siderophore bound iron (mol L") and found rates of ~1x10?-1x10* L cell’!
hr'! for species with surface areas of <1 um?, the size expected for SAR1] ***_ When
normalized similarly, our uptake rates are ~2 x107'* L cell hr'! fomenterobactin, suggesting that
iron uptake in this organism scales predictably with its.surface,area. Overall, these data provide

direct evidence of differences in bioavailability between enterobactin and ferrichrome-bound

iron to SAR11.

Differences in siderophore-Fe chentistries explain SARII growth in the presence of enterobactin
The robust grewth and iron uptake of SAR11 in the presence of enterobactin may seem
curious given the absence of any canonical genes coding for the uptake of this siderophore in the
genome 3. Our results are most simply explained by large differences in the kinetics of Fe
binding and release between enterobactin and ferrichrome in seawater (Fig. 1C) shown in a
simple’'model of Fe kinetics in our various treatments that incorporates seawater specific

parameters. As depicted in Fig. 1B, Fe is delivered to the cells from dissociation of FEEDTA,

with the resulting unchelated iron (Fe) equilibrating with a siderophore, namely the catecholate

15
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enterobactin or the hydroxamate ferrichrome in the experiments of Fig. 2. In seawater, the free
EDTA produced by the dissociation of FeEEDTA becomes rapidly bound to Ca** and plays no
further role in the experiments *°. Although the Fe complexes of enterobactin and ferrichrome
have very high proton independent stability constants in freshwater systems (log Kr.= 59 and 29,
respectively %), their effective Fe affinities are much lower in seawater owing principally t¢ their
binding to Ca?" and Mg** (log Kre®™™ = 10.8 and 12.9; **3%). Most importantly, in seawater,.the

rate of dissociation of Fe-enterobactin is much faster than that of Fe-ferrichrome (Fig. 1C).

The evolution in time of free iron (Fe') resulting from these reactions can-be calculated

from a set of differential equations for the rate of change of Fe', EeEDTA;, the iron-siderophore
complex FeY and the apo-form of the siderophore Y (details on the kinetic model are described
in the methods section). Solving this over the course of 14-days shows the clear increase in Fe’
over time when enterobactin constants are used,even in the presence of 100 nM enterobactin. In
contrast, simulations using ferrichrome maintain low Fe’ in both 50 and 100 nM treatments for
the duration of the experiment (Fig.4AB)xTo eéxpand our results, we conducted the same exercise
with ferrioxamine, a hydroxamate'siderophore with a conditional stability constant (log Kr.™ =
12.13%) and forward and reverse'reaction rates comparable to ferrichrome (Fig.1C). As expected,
a kinetic model of Fe' showed behavior similar to ferrichrome. When grown in the presence of
ferrioxamine, SAR11 cell counts largely followed the ferrichrome data (Fig.4E), consistent with
the differences in siderophore chemistries. The available Fe' can also be compared to a very
simple eéstimate of cellular demand, assuming uptake rates of 2.4 x1072! mol Fe cell”! hr'! (Fig.

3B) and a constant growth rate of 0.55 day™! (Table S1). This calculation shows that Fe supply is

sufficient to support growth in the presence of 25 and 50 nM enterobactin but slightly below
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demand at 100 nM. In contrast, models of ferrichrome and ferrioxamine suggest that only the 25
nM treatment provides sufficient iron.

While these models strongly support our growth results, it is notable that apo-
enterobactin has been shown to degrade at very high pH *7, which may contribute to its enhanced
bioavailability compared to ferrichrome and ferrioxamine. However, when we tested thisaising
Liquid-Chromatography Mass Spectrometry (LC-MS) measurements of apo- and Fe-
enterobactin stability at pH 8.1 over 14 days, we found that apo-enterobactin was rapidly
degraded over the course of 2 days, but that Fe-enterobactin, which we expect to-be the dominant
species in our experiments, remained 90% intact after two days, and was.still ~50% intact at the
end of the experiment (Fig. S2). The evolution of Fe’ was also modeled assuming an apo-
enterobactin degradation rate of 0.58 day™!, as estimated from the data in Fig. S2. As expected,
this increases available Fe’ and suggests sufficiency across all enterobactin treatments (Fig. 4D).
Such a result is inconsistent with our growth data where 100 nM enterobactin does lead to mild
decreases in growth rates and yields (Table S1) and likely overestimates the contributions of
degradation. Further experiments to combat degradation through either resupply or higher
concentrations (1 uM) of entetobactin led to some decreases in growth rates and yields (Fig.
5AD, Table S1) but did notiapproach those seen with ferrichrome. The decrease in growth on 1
uM enterobactin 1s notably mild, likely reflecting the abiotic degradation of the large excess of
apo-enterpbactin (ca. 900 nM for Fer = 100 nM), as seen in our model (Fig. 4D). Regardless,
when compared to experiments with ferrichrome where yields are ~1% of untreated controls
even, for small siderophore additions (Fig. 2, Table S1), this still represents relatively robust

growth. Overall, these modeling and growth experiments confirm that while abiotic degradation
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of enterobactin may contribute to our phenotypes, differences in the siderophore-iron chemistries

are the primary drivers of our results.

The marine heterotrophs Vibrio harveyi and Phaeobacter inhibens exhibit contrasting responses
to enterobactin

While slow growing organisms like SAR11 may be able to support themselvesiby-telying
on the dissociation of enterobactin-bound Fe, faster growing organisms may needto access
siderophore bound Fe via cellular uptake machinery in order to meet their growth-requirements.
As a simple exploration of this idea, we challenged two fast growing marine heterotrophs,
Phaeobacter inhibens and Vibrio harveyi, with enterobactin. In the absence of added
siderophores, P. inhibens growth rates were close to 1 day!'while V. harveyi exhibited growth
rates of ~4 day™! (Fig. 5, Table S1); growth rates thatare ~2-8 times faster than the ~0.5 day™! rate
observed in SAR11 cultures. In the presence of 100.aM or 1 pM enterobactin, P. inhibens growth
was severely inhibited (Fig SBE, Table'S1) while V. harveyi growth showed little change (Fig
5CF, Table S1). The very strong inhibition of P. inhibens (especially compared to SAR11
HTCC7211) by 1 uM enterobactin may be due to the fact that P. inhibens experiments are short
and do not allow formuch'degradation of the apo-enterobactin. However, these trends were
mostly maintained when siderophores were aged for 14 days to mimic possible abiotic
degradation that may occur during growth of SAR11; experiments with ferrichrome yielded
complex results but suggest the two organisms also have different capacities for direct access to
this siderophore (Fig. S4).

In our experiments, P. inhibens appears to either not possess or not express a transporter

for enterobactin and is likely growing on Fe'. The ~50% inhibition of growth rate in this
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organism is consistent with reliance on an insufficient supply of Fe from siderophore dissociation
and is notably a much more drastic decline in growth rate than seen for SAR11 (compare Fig. 5D
vs 5E). In contrast, V. harveyi was able to maintain a much faster growth rate in the presence of
enterobactin. This result is confusing if growth is assumed to rely entirely on dissociated iron.
However, it is likely that in addition using Fe', V. harveyi is also able to transport enterobactin.
Indeed, this organism produces the siderophore amphi-enterobactin, which bears high structural
similarity to enterobactin 3. Hence, V. harveyi may leverage amphi-enterobactin transporters for
uptake of enterobactin. Copiotrophic marine bacteria like P. inhibens and V. harveyi often

23,49

possess numerous redundant biochemical systems for accessing iron and more detailed

experiments would be needed to determine the mechanism employed here. For example, these
organisms produce their own siderophores which may compete with enterobactin*®>°
Nonetheless, these proof-of-concept experiments.show that purely kinetic based access to

enterobactin-bound Fe likely cannot support fast grewth rates and that this type of growth

necessitates the use of biochemical uptake mechanisms.

Implications for the role of siderophores in microbial ecology and marine iron cycling

It is now well established that marine microbes utilize siderophores to access iron
5:6,10.11,13,20.22.29-5F “However, it is still unclear how this strategy used by some, but not all marine
organisms, affects the cycling and overall bioavailability of iron in marine ecosystems. Our
results provide evidence for one solution to this puzzle: access to siderophore- bound Fe might

not always be restricted to microbes with specialized uptake machinery. While it has long been

the de facto assumption that slow growing marine organisms like SAR11 must depend on
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dissociated iron 23, there have been few direct demonstrations. A novel biochemical mechanism
that allows access to catechol- but not hydroxamate-bound Fe could still be discovered in SAR11
— such a strategy might rely, for example, on extracellular degradation via a non-specific
esterase. However, our results can also be explained via kinetics (Fig. 4ABC) without invoking
further biochemical mechanisms. In this scenario, which seems likely, our findings should{extend
to other marine bacteria, helping to explain previous work showing that enterobactin-bound Fe is
surprisingly bioavailable to numerous marine microbes 2*-*!. While some of these'microbes may
possess transporters for Fe-enterobactin or its derivatives, others may rely on-the-same non-
specific kinetic mechanisms seen in our experiments (Fig. 6). Such mechanisms may also allow
for non-siderophore based iron uptake: dissolved organic matter‘eemplexes large amounts of
marine Fe and labile catechol or other binding groups in.this peol may provide a sufficient
supply of Fe for slow growers like SAR11.

Our results also contextualize observed differences between hydroxamate and catechol
siderophore distributions that are beginhing to.emerge from field data. We show that iron bound
to the catechol enterobactin is highly labile and hence bioavailable whereas the hydroxamates
ferrichrome and ferrioxamine are not, implying that the former may either not persist in the
oceans and/or may bedisfavored by marine siderophore producers due to its more limited
stability and iron binding capacity. Consistent with this, numerous hydroxamates (amphibactin,
coelichelif, coprogen, ferrioxamine '%!11331:52) and mixed carboxylate/hydroxamates
(piscibactin, synechobactin'**?) have now been detected in seawater. In contrast, catechol
functionalities are only represented by two structures: the mixed carboxylate/catecholate
siderophores petrobactin and alterobactin >3, This pattern also seems to be reflected in the types

of siderophores made by cultured marine organisms, where hydroxamates are more common °,

20

920z 14dy $Z uo 1senb Aq 9z¢ 1998/ L L BeoA/008WSI/SE0 L 01 /I0P/3]01HMB-20UBAPE/UNWIWOISWSI/WO9 dno-ojwapeoe//:sdyy wolj papeojumoq



although these studies are subject to the inherent bias of culture collections. Notably, surveys of
the biosynthetic capacity of field populations of marine microbes do detect gene clusters for
catecholate siderophores '*. It is possible that the failure to detect these siderophores in the
oceans is due to the fact that they are either only produced in specific circumstances or simply
don’t persist as long.

Seawater specific stability and dissociation constants are only available for a‘limited. set
of siderophores and hence, the relatively high bioavailability of Fe-enterobactin and chemical
lability of apo-enterobactin (Fig. S2) may be a peculiarity of this catechol siderophore. The
mixed functionality siderophore alterobactin is one of the few other siderophores for which k"
values have been reported and provides an interesting example ds-thes¢ values are ~6.1 x 10 hr’
Uand 9 x10™ hr!, for alterobactin A and B respectively,putting them on par with hydroxamates
33 and suggesting a possible reason why these mixedfunctionality siderophores might be
favored. Our work also relies on experimentally tragtable siderophores that are not obviously
relevant to marine systems: ferrichroméis a fungal siderophore 3*°; enterobactin is made by
enterics and neither has been detected in seawater. However, ferrioxamine, which we find
induces phenotypes similar to ferrichrome (Fig. 4E) is made by marine organisms **°7 and

detected widely in thewoceans 11:13:51.58

while amphi-enterobactin which differs from
enterobactin only ifythepresence of a fatty acid tail and is made by marine Vibrios ***® but has
not yet been detected in the oceans. If the properties seen in enterobactin (and most likely amphi-
enterobactin) are maintained in other marine catechols, it suggests a model in which catechol
siderophores serve as a rapidly cycled and more chemically labile pool of iron whereas

hydroxamates form long-lived complexes *° that supply iron to specific groups of organisms or

simply stabilize the dissolved iron pool.
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Further studies will be needed to validate these ideas in the field. Nonetheless, our pure
culture experiments agree remarkably well with available environmental data and offer testable
hypothesis about the different roles of siderophores and microbial uptake strategies in marine
microbial ecology and iron cycling. Overall, our work shows that despite the absence of
canonical uptake mechanism for siderophores, SAR11 grows robustly in the presence of
enterobactin, one of the best studied and strongest known siderophores. This is best éxplained by
the relatively weak iron-binding capacity of enterobactin in seawater and suggests,a model of

siderophore use in the oceans that includes non-specific access through kinetics:
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Figure 1. Structures and chemical properties of the iron binding molecules used in this study. A.
The synthetic iron binder ethylenediaminetetraacetic acid (EDTA)-and the three biological
siderophores: enterobactin, ferrichrome and ferrioxamine. B, Simple model of the dissociation of
FeEDTA to free iron (Fe') and subsequent complexation-by a siderophore. The (re)formation of
FeEDTA is neglected due to the presence of high calcium-in seawater (see methods). For
simplicity, uncomplexed EDTA and siderophores‘arémot shown. C. Formation (k/*%) and
dissociation (k/") constants for the molecules shown, note that ferrichrome and enterobactin
differ by two orders of magnitude. Constants are takeén from: a ®°, b 3%, ¢ *.

For enterobactin, note that k/*? is reportéd in >, but the data used are in **. For ferrichrome and
ferrioxamine, k! are from b** but k7" are from ¢*°. For ferrichrome and ferrioxamine,
dissociation constants were determined using stable isotope exchange. For enterobactin, the
siderophores was competed against 1-nitroso-2-naphthol (1N2N).
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Figure 2. SAR11 shows robust growth in the presence of enterobactin but not ferrichrome.
Response of SAR11 HTCC1062 (A,B) and SAR11 HTCC7211 (€,D) to varying amounts of the
siderophores enterobactin and ferrichrome. Data shown aresthe average of biological triplicates
(A,B) or duplicates (C,D) = SD. For panels A and B, 0 nM-ferrichrome and 0 nM enterobactin
data are from distinct growth experiments. For panels C and D, the 0 nM treatment was only
conducted once, and the data are reproduced i both graphs. See Fig. S1 for data from replicate
experiments with HTCC1062 and Table S1.for calculated growth rates and yields.
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Figure 3. SAR11 access to iron is limited in the presence of ferrichrome but not enterobactin. A.
SAR11 HTCC7211 upregulates iron-stress genes in response to ferrichrome but not enterobactin.
Expression of the iron transporters sfu4 and sfuB in response to a 48-hour treatment with 100 nM
enterobactin, 100 nM ferrichrome, or no addition. The DNA repair gene recA is included as a
control. Expression is normalized to the no treatment controls at time zero using the sigma factor
rpoD as the housekeeping gene. Data shown are for biological duplicates = SD. Statistics shown
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are from a one-way ANOVA with Tukey post-hoc correction and denote differences between the
control (no addition) and the indicated treatment for each gene. B. SAR11 HTCC1062 can access
enterobactin- but not ferrichrome-bound Fe. Uptake experiments were conducted using 1 uM
siderophore without EDTA. Data shown are for biological quadruplicates conducted across two
separate experiments £ SD (see methods). Statistics reflect a two-tailed t-test.
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Figure 4. Differences in siderophore kinetics explain growth results. A simple model of free iron
(Fe") supply based on dissociation from FEEDTAand equilibration with enterobactin (A),
ferrichrome (B) or ferrioxamine (C) predicts greatest availability in the presence of enterobactin.
The model assumes total iron = FEEDTA initial = 100 nM. D. Fe' assuming degradation of apo-
enterobactin at a rate of 0.58 day "\ For A-D, a simple calculation of cellular demand is included
assuming a growth rate of 0.55 d* and uptake of 2.4 x1072! mol Fe cell'! hr'!. E. Growth of
SAR11 HTCC7211 in thespresence of the three siderophores follows kinetic data from A,B,C.
Ent: enterobactin, Fer: ferrichrome, Ferriox.:ferrioxamine. See Fig. S2 for abiotic enterobactin
degradation data, Table S1 for calculated growth rates and yields and Methods for model details.
Data in (E) are the average of biological duplicates + SD.
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Figure 5. Variable changes in growth rate of SAR11, P. inhibens and V. harveyi in the presence of

enterobactin. (A) The presence of high or resupplied enterobactin does not lead to substantial
decreases in the growth of SAR11 HTCC7211. RS: resupply, enterobactin was added to a final
concentration of 100 nM every 2 days throughout, the experiment. (B) Growth of P. inhibens is
severally repressed in the presence of enterobactin. (C) Growth of V. harveyi in the presence of
enterobactin shows little change fromiuntreated controls. (D) Growth rates for SAR11 calculated
using data from days 2-6 in (A). (E) Growth rates for P, inhibens calculated using data from 2-8
hours in (B). (F) Growth rates for ¥_harveyi calculated using data from 2-8 hours in (C). Note
the different axes scales. Data shown are the average of biological duplicates = SD. Statistics
shown are from a one-way"ANOVA with Tukey post-hoc correction and denote differences
between the control and the indicated treatment. See Fig. S3 for SAR11 growth in additional
siderophore conditions, Fig."'S4 for additional V. harveyi and P. inhibens growth data, and Table
S1 for growth rates in‘additional conditions.
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Figure 6. Marine microbes access siderophore bound iron through differentimechanisms. For
small, slow growing organisms such as SAR11, the relatively fast'dissoetation kinetics of
enterobactin (but not ferrichrome or ferrioxamine) may provide.sufticient iron. For other
organisms with faster growth rates, bigger size and higher iron demands access to siderophore-
bound iron may depend on the more classic mechanisms of uptake via specialized chemical
machinery.

Data Availability: All data generated or analyzed during this study are included in this published
article and its supplementary information files. All scripts used in the kinetic model area publicly
available here: https://doi.org/10.5281/zen0do¥9264293 ©1.
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