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Organic ligands in whale excrement
support iron availability and reduce
copper toxicity to the surface ocean
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Nutrient recycling by marine megafauna is a key ecosystem service that has been disturbed by
anthropogenic activity. While some hypotheses attribute Southern Ocean ecosystem restructuring to
disruptions in micronutrient cycling after the elimination of two million great whales, there is little
knowledge of trace metal lability in whale excrement. Here we measured high concentrations of
dissolved iron and copper in five baleen whale fecal samples and characterized micromolar levels of
organic metal-binding ligands as a proxy for their availability. The iron-ligand pool consisted of weakly-
binding ligands and intermediate-binding ligands which enhanced iron stability and potential
bioavailability. In comparison, 47 novel strongly-binding metallophores dominated copper-binding,
curtailing its potential toxicity. These results illustrate how marine megafauna transform prey biomass
into highly-labile micronutrients that they inject directly into the surface ocean, a mechanism whaling
reduced by over 90%. Thus, the rapid restructuring of pelagic ecosystems through overharvesting
may cause large biogeochemical feedbacks, altering primary productivity and carbon sequestration

processes in the ocean.

Trace metals are vital micronutrients to marine life with vanishingly-
small concentrations in surface seawater, making them crucial controls
on many biogeochemical processes. Primary production in large swaths
of the ocean is limited by the key micronutrient iron (Fe), despite rela-
tively high amounts of upwelled macronutrients (e.g., nitrogen and
phosphorous)"”. These high-nutrient low-chlorophyll (HNLC) areas
exist due to their remoteness from continental Fe sources and the low
solubility of Fe in seawater’™. Copper (Cu) is also necessary for several
biological functions like electron transport and Fe uptake® but can be
toxic at just picomolar concentrations in cultures’; this dichotomy gives
Cu a crucial role in shaping microbial community composition®. Some
organisms, like ammonia-oxidizing archaea’ and certain diatoms whose
growth is limited by Fe, have large Cu requirements, intertwining the
cycling of Fe and Cu in HNLC regions'. In the context of Earth’s
changing climate and interest in marine carbon dioxide removal strate-
gies, there is strong motivation to further our understanding of the

interactions between trace metals, primary production, and carbon
cycling in Fe-deficient systems like the Southern Ocean. Given very low
external supplies of dissolved Fe (dFe; operationally defined with 0.2 um
filter), the importance of Fe recycling in sustaining primary production
on various scales in the ocean has become increasingly apparent''™'*. Yet,
the key mechanisms for recycling Fe in the ocean remain unclear.

Zooplankton and larger marine biota—including salps, krill, seabirds,
and whales—have been implicated as important players in trace metal
recycling”™". Antarctic krill (Euphausia superba, hereafter ‘krill’) are seen as
substantial, dynamic Fe reservoirs in the Southern Ocean'*”, and Antarctic
baleen whales dive to consume several tonnes of krill each day at peak
feeding times', excreting large quantities of fecal material at the surface that
is rich in macronutrients and trace metals known to limit primary
productivity”. This process of moving and transforming nutrients, referred
to as ‘the whale pump™, is a key pathway in which whales act as marine
ecosystem engineers™.
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In the 20th century, 1.5 million baleen whales were slaughtered in the
Southern Hemisphere, including >95% of the largest species—fin (Balae-
noptera physalus) and blue whales (B. musculus)”*. Contrary to expecta-
tions, krill biomass on the former whaling grounds declined sharply (>80%)
in the decades following whaling, particularly in the Southern Ocean”, and
data on krill predators has not conclusively pointed to population expan-
sions consistent with the ‘krill surplus hypothesis®™. A proposed
mechanism to explain this krill paradox is that whales exert a top-down
control on phytoplankton primary production by remobilizing nutrients,
specifically bioavailable Fe*'. Thus, industrial whaling could have con-
tributed to a decline in epipelagic productivity by diminishing the recycling
of growth-limiting micronutrients in surface waters™”. However, several
climate change-induced trends, such as warming and sea ice decline, and the
growing krill fishing industry in the Southern Ocean have also and will
continue to impact krill spatiotemporal distribution and baleen whale
recovery’ >, Disentangling these anthropogenic impacts to the Southern
Ocean and the ecosystem engineering capability of baleen whales requires
further interdisciplinary research. For example, with Cu as a necessary
cofactor for the krill respiratory pigment hemocyanin®, it remains untested
whether whales also concentrate and recycle toxic levels of Cu to primary
producers.

Several recent studies have confirmed that marine macrofauna
excrement is several orders of magnitude higher in Fe and other macro-
nutrients than bulk seawater'”'*******’_ One report specifically examined
the size fractionation of Fe in whale excrement and found hundreds of
nanomolar of dFe, hundreds-to-thousands of times higher than Southern
Ocean seawater’’. Another study” noted bioconcentration of Cu in krill
tissue and whale feces when reporting bulk Cu values. However, the total
concentrations of trace metals do not directly translate to accessibility by
microorganisms for uptake”™. The chemical speciation of trace metals
egested by whales or other marine predators has not been evaluated and is
crucial to understanding if Fe recycled by whales is stable and bioavailable
and if toxic species of other metals such as Cu are also excreted. Elucidating
the effect that whales, krill, and other animals have on supplying and
recycling bioactive trace elements such as Fe and Cu requires more detailed
studies of their physicochemical forms upon excretion™”*"***,

Ligands, organic compounds that can bind to metals, dictate the
bioavailability, stability, scavenging rate, and residence time of dissolved
trace metals in seawater™’. Over 99% of dFe and dissolved Cu (dCu) in the
marine environment is complexed by organic ligands™ , ranging from
polysaccharides™ and humic-like substances™ with weak and intermediate
binding strengths to high-strength metallophores—siderophores for Fe and
chalkophores for Cu™”". From promoting dissolution of Fe from minerals™
to detoxifying free Cu ion”, microbially-produced metallophores serve an
outsized role in complexation despite our narrow knowledge of their
dynamics, making their quantification in environmental samples of parti-
cular interest. Although we know of over 700 unique siderophore
compounds®, less than 20 Cu-binding metallophores have been described
in marine environments™****®,

Organic ligand measurements have not been conducted on whale
excrement but are useful for describing the bioavailability (‘bioavailability’
hereafter refers to the degree to which the Fe or Cu pool is available for
utilization by the microbial community*’) of recycled trace elements*>***,
which, in turn, can inform models of the biogeochemical impact of egesta on
the surface ocean*****’, For example, the presence of siderophores, despite
enhanced stability and residence time*, generally decreases the bioavail-
ability of the Fe pool to eukaryotic phytoplankton®. The siderophore fer-
rioxamine has even been shown to be ~1000 times less bioavailable than
unbound inorganic dFe (free Fe or Fe')*—widely accepted as the Fe species
with the highest uptake rates"*—and ~15 times less than the average
seawater Fe-ligand pool*. Similarly, strongly-bound Cu complexes are
much less accessible than unbound Cu**, making Cu®* the most bioacces-
sible (and therefore potentially toxic) form of dCu®. Unlike metallophores,
exopolysaccharides have been shown to significantly enhance the bioa-
vailability of the Fe pool for all studied organisms**”. In this way, the

contributions of various Fe species in fecal material relative to seawater can
be leveraged to assess micronutrient bioavailability in the dissolved phase.
For the particulate phase, chemical leaches that describe the lability of ele-
ments have been employed in prior work to describe potential
bioavailability®”.

We present the first chemical characterization of the Fe- and Cu-ligand
pools in fecal matter from large marine predators, using trace metal, elec-
trochemical, and mass spectrometric techniques on two humpback whale
(Megaptera novaeangliae) fecal samples from the Southern Ocean and three
blue whale (Balaenoptera musculus) fecal samples from the California
Current. We focus the application of findings to the Southern Ocean, where
hypotheses about the impact of megafauna on metal cycling have centered,
but fecal samples from the Southern Ocean are exceedingly rare. Given this,
samples from the more accessible California Current were also analyzed to
provide additional data. Detailed chemical measurements of these excre-
ment samples help resolve the plausibility of the ‘whale pump’ hypothesis™*
by illustrating the bioavailability of limiting micronutrients mobilized by a
baleen whale during feeding—a process which consumes thousands of
kilograms of krill from the filtration of millions to tens of millions of liters of
seawater per individual every day”'. More broadly, through the character-
ization of novel Cu-chelating compounds, these data also illuminate how
micronutrients are altered as they undergo marine mammal gastro-
intenstinal processes, with relevance to ecosystem-level trace metal cycling”".

Results

Fecal iron-ligand pool suggests high iron bioavailability

In general, whale fecal samples exhibited large ranges in trace metal and
ligand concentrations, consistent with the heterogeneity of fecal material
and unavoidable mixing of background seawater prior to sampling®.
Treating the excrement as seawater samples to allow for direct comparison
with published values, we found high dFe concentrations in our samples.
While one blue whale sample from the California Current (sample MSS1)
contained 12.6 uM dFe (Fig. 1A, Supplementary Table 1), the [dFe] in the
four other samples (238 nM-1.23 uM) aligned well with the only other set of
dFe measurements in whale excrement (186-754 nM)"'. A seawater sample
collected alongside sample MN19 from the Southern Ocean was below
detection for dFe using the method employed for the fecal dFe (see methods
for additional details), demonstrating that contamination was negligible
given high dFe concentrations in fecal samples. With typical sub-nanomolar
surface concentrations of dFe in the Southern Ocean and California Current
system®”", the dissolved fraction of baleen fecal samples was between 10’ to
over 10° times higher than average [dFe] in the open ocean.

Consistent with the high water-soluble organic carbon concentra-
tions that have been reported in excrement”, organic ligand analyses via
competitive ligand exchange adsorptive cathodic stripping voltammetry
(CLE-ACSV) titrations”” yielded an enormous weakly-binding organic
Fe-ligand pool in all of the samples. The total organic Fe-binding ligand
concentrations ([Lge]csy) ranged from 100-645 pM eq Fe (reported as
binding equivalents™), and the binding strengths (log K<, ,; conditional
stability constant™) of the most abundant ligands ranged from 8.20-9.65,
operationally placing them in the weakest ligand class (L,) for seawater
(Fig. 1B, E; Supplementary Tables 1-2)**”. The best-fit complexation
models for each sample also included a pool of intermediate-strength L,
ligands, with average log K;‘;EiFe, =11.57. These ligands made up 20% of
reported [Lg]csy values for MSS1 and between 0.5-3% of [Lg.]csy for the
other four samples (Fig. 1B, E; Supplementary Tables 1-2). These values
are quantitative, but were at the edge of the detection window, so have
larger uncertainties (Supplementary Tables 1-2)”>. While our dFe mea-
surements agree with previously-published elevated Fe contents of baleen
whale excrement in both the particulate'®* and dissolved phase*’, these
are the first measurements of organically-complexed Fe in whale fecal
material.

Similar to the [dFe], all baleen whale samples contained orders-of-
magnitude greater dFe-binding ligand concentrations than the surrounding
seawater, and all had much higher Lg, than dFe. Concentrations of L in the
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Fig. 1 | Dissolved iron, copper, and metal-binding ligand concentrations.

A Dissolved iron concentrations ([dFe]) of our sample set compared with the only
other published [dFe] from whale feces", along with the solid-phase extracted
concentration of ligand-bound iron ([Fe-L]spg) from LC-ICP-MS for samples
MN19 and MN20. The striped bar represents the predicted concentration range of
metal-binding ligands assuming a 5-40% extraction efficiency. B Ligand con-
centrations of the two Fe-binding ligand pools ([L,]csv and [Ly]csy) determined
with competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-
ACSV), and Fe equivalents for electroactive humic-like substance concentrations
([eHS]) calculated using 23.3 nM Fe per mg/L, the midpoint of the estimated binding

envelope of humic and fulvic acids'"'. A horizontal line representing the highest

[dFe] value of our samples is added to emphasize how large the ligand pool was
relative to [dFe]. C-D Equivalent data but for copper species. E Table with condi-
tional stability constants and free metal concentrations from CLE-ACSV and
additional descriptions of the fecal samples. Error bars for the trace metal con-
centrations represent 1.96 standard errors between two inductively coupled plasma
mass spectrometry (ICP-MS) runs with three replicate measurements per run, error
bars for ligand data represent standard error determined with ProMCC'", and error
bars for [eHS] represent the full estimated binding envelope of humic and fulvic
acids (14.6-32 nM Fe per mg/L). Labels for Southern Ocean and California Current
samples are black and gray, respectively. Photo of filtered sample provided in
Supplementary Fig. 4.

open ocean south of 50°S range from 0.04-15.7 nM eq Fe with typical
log K., from ~10-12.47%, A study from the Southern California Cur-
rent using multiple analytical windows measured ~1-3 nM eq Fe of ligand
classes L;_3, but no class with log K ;‘;‘ﬂe/ < 10 was detected”. Little is known
about the identity of these weak L, ligands, but they likely represent simpler,
weakly-binding organics and degradation products”. Despite hundreds of
UM eq Fe of ligands in excess of dFe, the overall weak strength of the Fe
ligand pool allowed for relatively high concentrations of calculated free Fe
([Fe'] = 83-518 pM; Fig. 1E; Supplementary Table 1). Given typical [Fe']< 1
pM in the open ocean’®, we expect high bioavailability and fast uptake rates
of dFe excreted by whales.

We leveraged liquid chromatography coupled to inductively coupled
plasma mass spectrometry (LC-ICP-MS) and electrospray ionization mass
spectrometry (LC-ESI-MS) to further probe the structural features of these

ligand pools and better understand the fate of recycled Fe and Cu. Following
a solid-phase extraction and elution step, we can detect metal-bound
organic compounds using LC-ICP-MS, and using the same LC protocol,
LC-ESI-MS provides the exact mass of putative metal-bound
compounds™ ", The LC-ICP-MS *Fe chromatogram exhibited a large,
heterogenous mix of ligands eluting toward the start of the solvent gradient,
where more polar species elute, with two minor humps eluting in the less-
polar section of the gradient (Supplementary Fig. 1). However, no large
discrete peaks were detected, indicating that individual ligands such as
siderophores were too low to detect or obscured by the large pool of
chromatographically-unresolved ligands. Additionally, due to high-Fe
content and volume constraints, only 3-10 mL of sample were used,
whereas similar analyses with seawater have used 4L or more of
samp1e55757,77.
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The broad peak of chromatographically-unresolved ligands (Supple-
mentary Fig. 1), combined with a feature on the voltammograms at
E~-0.6 V (Supplementary Fig. 2), suggested that humic-like substances
may be important components of the ligand pool. Humic-like ligands refer
to a heterogenous class of compounds with carboxylic acid, phenolic, and/or
N- and S-containing functional groups that complex Fe with intermediate
binding strength’®”. The feature at E ~-0.6 V increased upon standard
addition of Suwannee River Humic Acid to our samples®, confirming a high
concentration of electroactive humic-like substances (eHS; Supplementary
Fig. 3), ranging from 4.72 uM eq Fe to over our largest [Lg]csy value of
644.6 uM eq Fe. Exopolymeric substances (EPS) may also be detected by the
humic standard addition method™, meaning that EPS, humic-like com-
pounds, or a combination of both were likely the intermediate L, class of
ligands detected in these samples.

Large fecal dissolved copper pool is tightly complexed by novel
metallophores

Despite reported bioconcentration of Cu in krill tissue and whale fecal
matter”, there are no published values for fecal dCu in the literature, making
it impossible to determine if whales recycle free copper (Cu’) above toxicity
thresholds for phytoplankton. We characterized the dCu pool with similar
methods used for the dFe pool and found extremely high levels of dCu
(4.54-198 uM; Fig. 1C; Supplementary Table 1) relative to seawater’'. The
Cu-based oxygen-transport proteins in krill hemolymph™ help explain the
elevated dCu levels in our samples. Due to sample volume limitations, we
were only able to quantify the Cu-binding ligand concentration ([Lcylcsv)
in the two Southern Ocean samples. While [Lc,]csy for samples MN19 and
MN20 (307.7 and 66.93 uM eq Cu, respectively; Fig. 1D; Supplementary
Table 1) was of similar magnitude to [Lg.]csv the Cu-binding ligands were
orders-of-magnitude stronger than the Fe-binding ligands, with
log Kg’fﬂcw =14.38 and 14.47—on the high end of previously-reported
values for seawater (Fig. 1E; Supplementary Table 1)*.

Cu-binding ligands are typically stronger than the Fe-ligand pool®,
possibly reflecting the production of strong Cu metallophores (chalk-
ophores) to detoxify Cu’* in the marine environment™. One study™ has
demonstrated that tightly-complexed dCu may be accessed via cell surface
reductases and thus remains somewhat bioavailable to surface phyto-
plankton, suggesting the dCu pool in this study could still be utilized as a
micronutrient if needed, albeit at lower rates than dFe. We calculated free Cu
([Cu’]) of only 3-4 pM in the whale fecal samples, indicating that the strong
Cu ligands present in whale excrement maintained [Cu'] below the 10"'M
toxicity threshold cited for most marine phytoplankton”®, despite the
micromolar amounts of dCu in the samples (Fig. 1E).

The Cu-binding ligand pool that we observed using LC-ICP-MS
contained a similar broad feature as that of the **Fe chromatogram (Sup-
plementary Fig. 1) at the start of the mobile phase (Fig. 2A), implicating
humics or EPS as relevant ligands for Cu as well. Starkly contrasting with Fe,
however, the Cu chromatogram was dominated by several large, discrete
peaks (Fig. 2A), implying the presence of distinct chalkophores in the
samples, which is in line with the high average values for log K&nd ..,
(Fig. 1E). Little is known about the behavior of chalkophores in the marine
environment, with few compounds described to date’***"*>, Recent work
has proposed putative Cu ligands as structures with high degrees of unsa-
turation and N- or S-containing functional groups, namely linear
tetrapyrroles” or azole-containing compounds™.

In sample MN19 alone, nearly 50 unique masses were identified
as putative Cu-containing compounds (Fig. 2A, Supplementary
Table 3), more than doubling the number of known Cu metallo-
phores from marine samples’***"*’. These putative compounds were
confirmed with two corresponding LC-ESI-MS peaks with a change
in mass-to-charge ratio equal to the mass difference of Cu and ®Cu
and intensity ratios equal to the natural abundance ratio of “Cu/*Cu
(Fig. 2)°*°**”7. We further characterized these compounds by
obtaining putative molecular formulae for 37 of the Cu metallo-
phores (Supplementary Table 3-4), leveraging highly-accurate exact

masses from the 21 Tesla Fourier transform ion cyclotron resonance
mass spectrometer (FT-ICR-MS, see methods for additional
details)®*.,

The apo (without metal) versions of the 37 assigned formulae in
Supplementary Table 3 have an average molecular ratios of H/
C=129+0.09 (+1SD), O/C=0.20+0.03, and N/C=0.13+0.03. The
elemental compositions cluster in van Krevelen space (Fig. 3) with known
linear tetrapyrroles in biology and are very close to a recent characterization
of tri- and tetrapyrrolic Cu ligands in diatom cultures (Fig. 3), but with
slightly higher H/C ratios”’. The chromatography employed in that work®
indicates that the ligands were also of similar polarity to those described
here. Also similar to prior work®, our chromatograms contained multiple
metal-bound peaks with the same exact mass (Supplementary Fig. 5),
suggesting isomers are common. One putative Cu ligand in this study (m/
Z=664.196) was detected previously in extract from an axenic Synecho-
coccus culture, and fragmentation data (MS2) collected on the 21 T linear
ion trap (Supplementary Fig. 6) revealed a shared abundant fragment with
that prior work®'. Furthermore, MS2 spectra collected for at least five of the
putative Cu ligands exhibit loss of putative terminal pyrrole groups (Sup-
plementary Fig. 6), which has been observed during fragmentation of bile
tetrapyrroles urobilin and stercobilin®, and similar fragmentation was
observed in seawater Cu ligands®*’. These lines of evidence suggest that
many of the strong Cu ligands in the fecal samples are tetrapyrroles.

Whales excrete highly-labile particulate metals

Although we were primarily focused on the dissolved phase, we also sought
to characterize the lability of the particulate fraction of whale excrement.
Particulate Fe (pFe; >0.2 pm) concentrations ranged from 5-22.5 uM in the
previous physical speciation analysis*', which is comparable to some dFe
levels found in this study. A 25% v:v acetic acid and 0.02 M hydroxylamine
hydrochloride leach with a short heating step (i.e., Berger leach) has been
used in previous work to operationally represent the fraction of particulate
metal that can be accessed by grazing, photochemistry, redox processes, and
ligand-associated dissolution on the same timescale as phytoplankton
generations (days)”. Using this weak chemical leach, the labile particulate Fe
([pFeliapite) for samples MN19 and MN20 was 1.41 and 0.75 mmol Fe kg
dry weight, and [pCu]ppg. was 1.82 and 2.72 mmol Cu kg dry weight,
respectively (Fig. 4; Supplementary Table 1). Remarkably, this lability leach
recovered concentrations close to the total Fe and Cu contents of baleen
whale fecal samples determined via nitric acid digestion in prior reports'***
(Fig. 4), implying that a large proportion of pFe and pCu in fecal samples is
labile.

Comparing results from our Berger leaches to the lowest and highest
[pFe] values from nitric acid digestion'®, pygmy blue (B. m. brevicauda) and
fin (B. physalus) whales, respectively, yields a large lability range
(17.6-100%) that highlights the high variability of these types of samples.
Since samples MN19 and MN20 are humpback whale samples, specifically
using the mean and standard deviation for humpbacks reported in that
study'® yields a tighter window of 28.1-89.0% lability for pFe. This is in
contrast to other sources of pFe to the ocean such as dust, which are often
assumed in models to have 1-10% lability*’. Of course, fecal samples are
heterogenous and these are separate samples; while it is possible that our two
humpback whale samples had very different total Fe and Cu than those from
previous analyses'*”, the Fe:P ratios from our weak leaches and the Fe:P
ratios of total digestions in that study are also comparable (Fig. 4), along with
the dFe*' (Fig. 1A), indicating that physicochemical parameters like bio-
genicity, size fractionation, and metal-ligand content are reasonably similar.
Taken together, this suggests that the particulate phase of cetacean fecal
matter is highly labile, likely due to the high organic content.

Discussion

Our analyses assessed the chemical speciation and potential bioavailability
of trace metals recycled by baleen whales via characterization of excreted
ligands. Although whales excrete unprecedented levels of dCu, the strong-
binding nature of excreted ligands maintains [Cu’]—the most toxic species

Communications Earth & Environment| (2025)6:20


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01965-9

Article

(A)
-] |
o 9e+04
o
"
E. §.6e+04-
ae
c
€8 30404
oL £ :
4 a b ¢ d e f g h i i k | m n 0o
0e+00 L — . : . . . y . . .
14 16 18 20 22 24 26 28 30 32
Retention Time (min)
(B)
0.040 0.020
) * 685.28562 o 728.24809 * 653.31888
T > d € o 731.24491 f < 69823728
£=
s g 0.030 0.015 0.100
QE 0.075
» -075 1
2 2 0.020; 0.010+
55 0.050 1
ns -
w g
% 0.010- |
2‘1: 0.005 0.025
T T T -_ T — T — - T T T - T
170 175 18.0 185 19.0 19.5 19.0 195 20.0 205 21.0 215 195 200 205 21.0 215 220
__ 00121
s> s LEEE ow | ;e
S g - &
g.a 0.010 * 714.21466
g S 0.0304 * 800.26901
== 0.100
o g 0.008
=3 0.020
ne
W g 0.005 0.050 \
o 0.010 A
9 \
0.002 + - Pas a )
215 220 225 23.0 235 24.0 225 230 235 240 245 250 235 24.0 245 250 255 26.0
1.000
= o 654.24755 o 650.21622 o 682.24243
o d .
@ p» 0400 j * 668.2267 k . e64.19569 0,300 I . 71623037
=5 o 694.20601 0.750 o 680.22677 : o 984.36938
Sc © 696.22161 © 684.20469
S € 0.2004 * 700.19892 [\ - 8425814
=i S o 731.2377 0.500 | || e 699.21489 0.200
2 o 819.32667 : { 851.27366
<2 o 854.3064 o 865.28931
BE oo 940.37949
wg 0 1000.3643 0.250 0.100
g< *
245 250 255 260 265 27.0 250 255 260 265 27.0 27.5 260 265 27.0 27.5 28.0
s o 652.23194 o 654.24765 o o 632.20566
> o 65424751 M N o 67225822 - O - 648.1828
=% o 672.25809 o 1062.53595 o 759.2184
S c 10004 682.18843 1.000 © 1064.55093 o 767.27394
o2 o 698.21966 o 1080.54657 d505 o 888.37356
~£ 750]° 698.21969 0750 . © 1064.55176
%’ o 714.21452 "
=2 ° 942.39507
0 © 05001 - 972.40566 0.500 A
w o
QT 0.250 0.250 1
e AN

27.0 275 28.0 285 29.0 295
Retention Time (min)

—below toxicity thresholds. Our most unexpected outcome was the iden-
tification of novel Cu-binding metallophores in the fecal excrement. We
have limited knowledge about the nature of chalkophores in the marine
environment, since <20 total chalkophores have been identified so
far’***°"2. By comparison, we found nearly 50 new candidate masses that
strongly bind to Cu based on LC-ICP-MS and LC-ESI-MS data in only one
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sample of whale excrement. These compounds comprised peaks in the LC-
ICP-MS chromatogram that conservatively represent 471 nM Cu (assum-
ing 100% extraction efficiency and only integrating area above chromato-
gram baseline; Fig. 2, Supplementary Table 2). In-depth and definitive
structural characterization was outside the scope of this project, but our
putative assignments provide candidates for future analyses that will further
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Fig. 2 | Mass spectra for copper-binding compounds in sample MN19. A Copper-
63 (“Cu) chromatogram from liquid chromatography-inductively coupled plasma
mass spectrometry (LC-ICP-MS) analysis, with dashed lines denoting peaks or areas
that were parsed for Cu-binding masses with liquid chromatography-electrospray
ionization mass spectrometry (LC-ESI-MS) data. B Extracted ion chromatograms
(EICs) of Cu-binding compounds identified with LC-ESI-MS, binned into retention
time windows corresponding to peaks d—o of (A) (EICs for peaks a—c not plotted).
The y-axes for (B) are LC-ESI-MS intensities relative to the candidate mass-to-

charge ratio with the highest intensity (#/z = 672.258). Candidates were identified

by two corresponding ESI-MS peaks with Am/z = 1.9982 and intensity ratios equal to
the natural abundance ratio of “Cu/*Cu. Solid-colored EICs represent the mass of
the “Cu-bound isotopologues, while transparent-colored EICs represent the “Cu-
bound isotopologues, multiplied by 2.2 according to the natural abundance ratio of
“Cu/*Cu. Thus, agreement between solid and corresponding transparent lines
provide evidence that candidate is a Cu-containing compound. The legend lists the
exact masses of the ’Cu-bound EIC peaks, as obtained from Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) data. More information about
these peaks given in Tables S3-S4.
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advance our understanding of Cu biogeochemistry in the marine
environment.

The fecal metallophores share formulae or cluster stoichiometrically
(Fig. 3) with known linear tetrapyrroles. For example, apo ligand
[C33H4N4O6] " matches that of ionized dinoflagellate luciferin (responsible
for bioluminescence)” and cyanobacterial pigment phyocyanobilin. Parti-
cularly apt for fecal samples, highly-abundant [C;3H3N4Og]* and
[C33H45N406] " match formulae of bile pigment urobilin and precursor
urobilinogen®, respectively (structures in Supplementary Fig. 7), and MS-
MS spectra show loss of terminal pyrrole groups (Supplementary Fig. 6)
similar to prior work with bile tetrapyrroles””. One of the largest peaks,
[C33H4 OsN,SCul*, appears related to other ligands simply by addition of a
sulfur functional group, which can occur through cysteine-related
pathways™. In this way, a majority of the novel Cu chelators in the excre-
ment appear to be directly related to heme or chlorophyll catabolites, such as
bile pigments®, phyllobilins™, and even dinoflagellate and krill luciferins®’ —
some of which have been demonstrated to form complexes with Cu’".

While there is one shared formula and general similarities with
previously-characterized seawater Cu ligands, the stoichiometric ratios
of the Cu ligands in this study—driven by elevated H/C ratios—cluster
separately from those previous studies™*' (Fig. 3), indicating distinct but
related ligands in fecal samples. Considering stoichiometric similarities
with bile pigments (Fig. 3), these novel Cu ligands could be produced
from heme-related metabolites within baleen whales by their gut
microbiota in response to high Cu loads. On feeding days in the Ant-
arctic, humpback whale can consume an estimated 3 tons d"*'. Com-
bined with the Cu content of whole krill (98 mgkg")”, this prey
consumption rate translates to nearly five moles of Cu entering the
gastrointenstinal system each day of Antarctic feeding, highlighting a
need for strong Cu-chelating metabolites. Another plausible source of
chelators is the breakdown of krill proteins, as their oxygen-transport
proteins use Cu. A third option, similar to heme or chlorophyll cata-
bolites, are ligands with a corrin ring like vitamin By, but the molecular
signature of the most-abundant ligands are more similar to heme
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Fig. 4 | Lability leach results of MN19 and MN20 8000 - 1 r 8000
compared to published bulk particulate data. Lability 1 Total Digestion
Berger leaches were conducted on humpback fecal Leach 1 (Nicol et al., 2010)
-
samples MN19 and MN20 to quantify the labile 7000 7 1 . 7000
particulate iron ([pFe]j.pie) and copper ([pCuliapite) (This Study) 1 (Ratnarajah et al., 2014)
concentrations. Concentrations are plotted in umol 1
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catabolites rather than hemocyanin or vitamin B, and diving mammals
contain elevated levels of hemoproteins™.

The suggestion of linear tetrapyrroles as strong Cu chelators in
seawater’""”, specifically heme or chlorophyll catabolites, has large impli-
cations for Cu dynamics, as these are ubiquitous molecules utilized and
cycled by every trophic level”. Indeed, several masses corresponding to the
chalkophores in this study have been detected in preliminary analyses of
seawater samples from the Western Antarctic Peninsula™. This study posits
gut flora as likely producers of these chalkophores, either by transforming
heme-related compounds in the whale gut, cyanobacterial pigments moving
through the food chain, or krill proteins from baleen prey, but more
metagenomic work is needed to further investigate these processes.

Little is currently known about the baleen whale gut microbiome, but
one study™ found a higher proportion of reads assigned to the dominant
phyla Firmicutes relative to terrestrial mammals, and several Firmicutes
genera were chitinolytic and found to be closely associated with krill exos-
keletons in samples from the forestomach of common minke whales (B.
acutorostrata)’. It has been proposed that the multichambered stomach of
baleen whales may result in longer digestion times, higher numbers of
bacteria, and therefore, more complete digestion of krill relative to other krill
predators like seals and penguins™. Therefore, baleen whales (through their
gut microbiome) may have an ability to convert prey into micronutrients
more efficiently relative to other predators who filled that niche post-
whaling. More broadly, if the animal gut microbiome is transforming
environmentally-relevant amounts of micronutrients, the role of these living
bioreactors in local and regional biogeochemical cycling needs to be further
considered.

The egested Fe-ligand pool, dominated by weakly-binding (L,) ligands
with considerable concentrations of EPS- or humic-like ligands (L,), greatly
contrasted with the Cu-ligand pool. We have limited knowledge of the fate
and dynamics of L, ligands”. Interestingly, domoic acid—a neurotoxin
produced by diatoms—has a binding strength (log K., = 8.7 +0.5)” that
is remarkably similar to that of the L, pool detected here, bioaccumulates up

the food chain, and has previously been detected in whale feces™. It also
plays an important role in Cu-dependent, high-affinity Fe acquisition sys-
tems of diatoms”™, making domoic acid an intriguing potential Fe-ligand
excreted by whales. However, its hydrophilic nature could cause poor
retention in the solid-phase extraction method employed for siderophores,
and its ions were not found in our data (Supplementary Fig. 8).

While speciation parameters cannot quantitatively predict Fe uptake
rates**’, prior work has demonstrated certain ligand species to either
enhance or decrease the overall bioavailability of dFe in the marine
environment*>*****, For example, Fe' is considered the most bioavailable Fe
species”, with variations in [Fe'] explaining significant variations in phy-
toplankton Fe uptake in a recent experiment in the Southern Ocean®.
Additionally, algal exudates of large polysaccharides are known to complex
Fe with intermediate strength'” and greatly enhance Fe bioavailability in
seawater'>”’. In this study, we quantified marine-derived humic-like sub-
stances, which have been found associated with dFe in several ocean
basins'”' and may allow for distal transport of dFe'”, but the relationship
between [eHS] and bioavailability is not immediately clear®. That said, the
fact that EPS may also be detected by standard addition of humics™, the
mucosal nature of excrement samples, and the putative role of gut micro-
biota are all consistent with exopolymeric substances as the L, ligands in
these samples.

Contextualizing our datasets with previous bioavilability studies, a
picture of a highly-bioavailable dFe pool emerges. Upon defecation,
micromolar levels of dFe are released into seawater in a loosely-bound
organic matrix, yielding ~0.1-0.5nM of extremely bioavailable Fe'—
10°~10° times higher than typical surface seawater values’®. The lability of Fe’
and lack of dFe in HNLC waters may enable rapid uptake of excreted dFe by
the microbial community. Speciation calculations (Supplementary Table 2)
predict that most of the complexed dFe is preferentially bound to the
intermediate-strength L, ligands when released in seawater. While less
abundant than the weaker L, ligands, their strength and relative abundance
allow them to outcompete the weaker degradation products and to stabilize
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sharp decline in krill biomass in some former whaling grounds imply a large shift in
biogenic pFe due to biomass changes alone.

the dFe pool, preventing precipitation and loss from surface waters. Since
seawater does not have sufficient unbound ligands for binding the high
amounts of dFe excreted by whales, the fact that this dFe is already
organically-complexed is crucial for ensuring this Fe is not immediately lost
from solution. Furthermore, the putative EPS-like characteristics of the L,
pool imply enhanced bioavailability for the eukaryotic phytoplankton*** of
the Southern Ocean. Thus, the Fe-binding ligand pool in our samples
suggest that baleen whales supply immediately-bioavailable dFe that should
remain relatively stable on longer timescales, lending support to hypotheses
that whales provide important ecosystem services through recycling
micronutrients within the epipelagic.

Not only do baleen whales—together with their gut microbiome—
transform krill biomass into bioavailable dFe (Fig. 5), but the leaches
confirm that the particles in excrement contain highly-labile pFe.
Additionally, with excess ligands in the samples at hundreds of uM eq Fe,
the sheer amount of excreted ligands may influence the Fe bio-
geochemistry of surrounding waters. Ligand-complexing capacity is
thought to dictate Fe solubility, so it is possible that this injection of
ligands itself could promote dissolution or the stabilization of other
ambient Fe or additional labile pFe from the excrement'**'". Future work
could investigate the impact of the fecal ligand pool on the ambient dFe
pool using incubations or measure the uptake of fecal Fe in cultures.
Doing so would provide the opportunity to test this bioavailability
assessment derived from ligand characterization with other methods of
defining bioavailability found in recent studies***".

A recent report”’ measuring whale feeding behaviors and krill swarms
estimated that the pre-whaling Antarctic minke (B. bonaerensis), hump-
back, fin, and blue whales in the Southern Ocean could have recycled
between 1.25and 2.69 x 10° mol Fe yr"'. From a biogeochemical perspective,
skepticism of the impact and utilization of nutrients recycled by marine
megafuana lie, in part, around uncertainties in nutrient bioavailability and
stability in the euphotic zone. We find that a large portion (28.1-89.0%) of
the pFe fraction in baleen whale feces is operationally labile—consistent with
the organic-rich and high-ligand content of egesta. For context, estimates of
the total bioavailable Fe flux from ice melt, glacial sediment sources, and
aeolian dust dissolution to the Southern Ocean today—also derived from

leach data—are 1.79-8.95 x 10’ mol Fe yr", 1.07-2.15 x 10°mol Fe yr", and
1.79 x 10°-2.33 x 10° mol Fe yr'', respectively®™. Applying our findings to the
estimate based on feeding behavior*' suggests pre-whaling baleen popula-
tions could have recycled 3.51 x 10'-2.39 x 10°mol yr' of potentially-
bioavailable Fe. If the recycled Fe persists in the photic zone long enough to
be accessed and utilized by primary producers, whales may have regenerated
a substantial amount of bioavailable Fe in the Southern Ocean (Fig. 5),
which may have otherwise been lost through sinking krill biomass.

Modelling efforts to quantify the ecological and biogeochemical
effect of whaling have often considered the entire area of the Southern
Ocean, presenting a broad, basin-scale picture’****’. Conversely, tracking
and ship-based survey data illustrate persistent foraging grounds that
align with highly-productive waters for at least some Southern Ocean
baleen whale populations'”™”". Recent papers regarding upwelled Fe
sources to large Southern Ocean phytoplankton blooms'*'"”, in fact, have
used whale activity as indicators of the enhanced productivity and overall
strong ecosystems of their study areas'*™'**"'’, These reports demonstrate
that dense blooms, which support krill populations, are integral to the
biogeography of baleen whale foraging in the Southern Ocean. While
there can be a temporal offset between the initiation of diatom blooms
and whale foraging, considering this spatial component, Fe recycling by
baleen whales may be a highly-efficient process, whereby whales inject
Fe-rich fecal plumes directly where high rates of primary production are
occurring and where micronutrients may be most useful to sustain
phytoplankton blooms" (Fig. 5).

During the 20th century, whalers harvested two million great whales
(including half a million sperm whales) in the Southern Ocean™,
diminishing their recycling of total Fe by 90% (Fig. 5). It was previously
unknown to what degree recycled Fe was bioavailable to phytoplankton
—a critical unknown to the hypotheses surrounding the krill paradox
and Fe recycling by whales. Our results confirm that this Fe was highly
labile. Furthermore, considering biomass changes alone, biogenic Fe
reservoirs in phytoplankton, zooplankton, and macrofauna prior to the
20th century were much higher than in the modern Southern Ocean
(Fig. 5)*. Taken together with the new empirical prey consumption rate
calculations for baleen whales”, Fe recycling between trophic levels was
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likely even stronger than previously estimated (Fig. 5)*"*’. The removal of
whales from the Southern Ocean ecosystem, contextualized with the
bioavailability characterization in this study, alludes to a pre-whaling
ecosystem and associated Fe and carbon biogeochemistries that starkly
differ from the boom-and-bust diatom blooms of today''. While some
baleen whale populations have started recovering in the Southern Ocean,
climate change-induced warming™'"”? and the expansion of krill
fisheries™ imperils krill numbers and whale recovery and, thus, will likely
obscure biogeochemical impacts of population recovery. Although we
focus implications on the Southern Ocean, samples from the California
Current exhibited similar biogeochemistry, and the impact of large
animals on nutrient limitation and ecology should be considered else-
where. Finally, we found evidence of nearly 50 novel chalkophores in the
recycled Cu pool that relieve organisms from toxic levels of the free Cu
ion. A fraction of the strong Cu ligands described here are likely pro-
duced by the gut microbiome, which suggests that the microbiome
modulates the speciation of recycled micronutrients—a hypothesis that
could extend to a much wider range of animals. More interdisciplinary
research across scales is needed to further unravel these biogeochemical
facets of ecological mutualisms in the ocean.

Methods

Sampling and sample processing

Opportunistic samples of clumped whale excrement were collected floating
on the surface near foraging whales using an aquarium mesh net. Samples
MN19 and MN20 (abbreviated from “Mnl19_031E_P” and
“Mn20_062C_P”) were collected from humpback whales (Megaptera
novaeangliae) in nearshore waters along the western side of the Antarctic
Peninsula. Samples CRC7, CRC210, and MSS1 (abbreviated from “CRC
sighting #7”, “CRC 20180829-210", and “MSS1”) were collected from blue
whales (Balaenoptera musculus) off the California coast. Maps of approx-
imate locations of collections are provided in the supplement (Supple-
mentary Fig. 9). Samples were separated from water as possible in the field,
stored in sterile glass jars, and kept frozen at -20 °C until analysis.

Although sampling was not conducted under current trace-metal clean
sampling procedures, the effect of contamination was likely minimal relative
to typical metal concentrations of fecal matter. A seawater sample collected
alongside sample MN19 allowed us to gauge how contamination-prone
fecal collection was. Considering this as a sampling blank, this seawater
sample was prepared for ICP-MS analysis using the same methodology as
for the fecal samples (30-fold v:v dilution in 2% nitric acid, see below) and its
signal intensity was similar to that of the ICP-MS blank, demonstrating that
contamination during sampling was negligible. Since samples were pri-
marily taken for ecological research, background seawater chemistry sam-
ples were not available for the other fecal samples. However, the sampling
strategy was similar for all fecal samples.

After sampling, standard GEOTRACES procedures for analyzing trace
elements in seawater were followed at each stage of sample processing'” to
allow direct comparison with published values. All plastic labware was acid-
washed for at least 1 week in a 10% v:v nitric acid (HNOs; trace metal grade,
Fisher Chemical) bath, followed by 1 week in a 10% v:v hydrochloric acid
(HCL trace metal grade, Fisher Chemical) bath. For dissolved analyses,
samples were filtered through a 0.2 um polycarbonate track-etch membrane
filter (Pall Corporation) mounted on an acid-cleaned Teflon vacuum fil-
tration rig (Savillex Corporation) in a HEPA-filtered laminar flow bench.
Aliquots for dissolved trace metal analysis were immediately acidified with
Optima-grade HCI (Fisher Chemical) and stored at room temperature at
pH 1.8. Aliquots for voltammetric analysis were immediately frozen after
filtration and stored at —20 °C. For the two Southern Ocean samples, we
loaded 3-10 mL of filtrate onto 6-mL polystyrene divinyl benzene (Bond
Elut ENV, Agilent Technologies) solid phase extraction (SPE) columns that
had been activated with Optima-grade methanol (Fisher Scientific) and
rinsed with Milli-Q (Sigma-Aldrich). Finally, subsamples of the two
Southern Ocean samples were also freeze-dried for further chemical leaches
of labile particulate metal measurements.

Dissolved trace metals
All five fecal samples were analyzed for dissolved iron (dFe) and copper
(dCu) with ICP-MS on an iCAP RQ (Thermo Scientific), using a similar
methodology to a previous fecal analysis''. Filtered samples were diluted 30-
fold in 2% (v:v) Optima-grade nitric acid (Fisher Scientific) and spiked with
1 ppb indium and rhodium to account for analysis drift and sample matrix
effects. Duplicate aliquots for each fecal sample were prepared in this way, as
well as a third set spiked with multi-element standards (Spectrum Chemical)
to monitor the recovery of metals of interest in the sample matrices. Final
concentrations were calculated with an eight-point standard curve
(R’ > 0.99) ranging from 0 to 4000 nM dFe and dCu, prepared in a similar
manner to the samples with low-trace metal surface seawater from the
equatorial Pacific.

Error in concentration was derived from uncertainty of the standard
curve, according to:

Sy

2
1 (Ssamp - Sstd)
S[M] = w % +

Pl 2
n m22i=1([M]stdl - [M]std)

where Soy is the standard deviation in analyte concentration, calculated
from the standard deviation about the standard curve regression, s,; the
slope of the standard curve, m; the number of replicate measurements, k; the
number of standards, n; the sample’s average signal on ICP-MS, S,,,,,; the
average signal of the standards, S,;; and the concentrations of standards
used in the analysis, [M],;.

Labile particulate trace metals

A weak acid leach was applied to freeze-dried subsamples of the two
Southern Ocean fecal samples to quantify the concentration of labile par-
ticulate Fe ([pFe]ipie) and Cu ([pCuljapiie)”’- Briefly, samples were heated in
5mL of leach solution consisting of 25% v:v acetic acid (Sigma-Aldrich) at
pH 2 and 0.02 M hydroxylamine hydrochloride (Fisher Scientific) at 90 °C
for 10 min, left at room temperature for 3 hr 50 min, centrifuged for 5 min,
and syringe-filtered with an acid-cleaned 0.2-um polyvinylidene fluoride
filter (Fisher Scientific). Then, 5 mL of Milli-Q was added before another
5 min of centrifugation and syringe-filtration. Finally, the filtrate was eva-
porated overnight at 130 °C, and the crystal residue was prepared for ICP-
MS analysis and quantification as described above for the dissolved trace
metals. More details can be found in the original methods paper®’.

Dissolved metal-binding ligands
Competitive ligand exchange adsorptive cathodic stripping voltammetry
(CLE-ACSV) was used to quantify the concentration and binding strength
of Fe-binding organic ligands ([Lg.]csv) in all five samples and Cu-binding
organic ligands ([Lcy]csy) in the two Southern Ocean samples. Briefly, an
artificial ligand of known metal-complexation properties (salicylaldoxime)
was added to samples and allowed to equilibrate with the natural ligand
pool. The metal-ligand complexes are adsorbed onto a mercury drop and
stripped during a cathodic sweep, generating a voltammetric signal. Vol-
tammetric signals along a titration curve of increasing dissolved metal
concentrations allow for calculation of the concentration and strengths of
the natural ligand pool. Methods are described in detail elsewhere®”>'",
In this study, due to the high-organic and high-metal nature of fecal
matter, 15-40 pL of filtered sample was diluted in 10 mL of UV-oxidized
and chelexed seawater for CLE-ACSV analysis. Diluted aliquots were buf-
fered to pH 8.2 with 50 uL of 1.5 M boric acid-ammonia buffer (Thermo
Scientific), and 12.5 uL of 4 mM salicylaldoxime (Sigma- Aldrich), resulting
ina final concentration of 5 uM of the artificial ligand, was pipetted into each
vial and allowed to equilibrate overnight. Fe or Cu additions for the titration
curve ranged from 0-100 nM (Supplementary Table 5). Differential pulse
stripping voltammetry on a controlled growth mercury electrode (BASi)
with a platinum auxiliary electrode and Ag/AgCl reference electrode was
used for analysis, with deposition times set to 30-120 s depending on the
nature of the sample and 15s of quiet time (Supplementary Table 5).
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Voltammograms for Fe and Cu titrations are given in Supplementary Fig. 2
and Supplementary Fig. 10, respectively. Peak heights were determined with
a curved baseline using ECD-SOFT and input into ProMCC to calculate
ligand concentrations ([L]csy), binding strengths (log K ;‘;‘L‘fil:e/ or

log K CC"LIECU, ), and free metal ion ([M'])'".

Dissolved humic substances

After noticing a potential humic signal on CLE-ACSV voltammograms,
electroactive humic-like substances (eHS) in the Fe-ligand pool of all five
fecal samples were quantified according to previously-published methods™.
Aliquots were prepared similarly as described above, with chelexed and UV-
irradiated seawater and boric acid-ammonia buffer. Additionally, 200 nM
Fe and 0-300 pg L' Suwannee River Humic Acid Standard I (Interna-
tional Humic Substances Society) were added and allowed to equilibrate for
at least 2 h. Immediately prior to running each aliquot, 0.4 M potassium
bromate (ACS Grade; Neta Scientific) was added to each vial, which
enhances the reduction peak for Fe-humic complexes in CSV®. The mer-
cury drop electrode was operated in linear sweep mode at a -0.1V
deposition potential, 50 mV s scan rate, and 180 s deposition time. The
humic concentration was calculated from the standard addition curve
(Supplementary Fig. 3) using peak areas and converted to an Fe equivalent
based on the range of reported binding capacities of fulvic and humic acid
standards from the Suwannee River™'*'*,

Dissolved metallophores

To identify discrete Fe- and Cu-chelating compounds, such as siderophores,
the two Southern Ocean samples were eluted from the SPE columns with
methanol, dried down using a vacuum concentrator with a refrigerated
vapor trap to below 1 mL (SpeedVac, Thermo Scientific), and analyzed
using cutting-edge liquid chromatography (LC) coupled to both ICP-MS
and electrospray ionization mass spectrometry (ESI-MS), following
previously-described methods™*”””. Aliquots (50 pL) were spiked with 5 uM
cyanocobalamin (Sigma-Aldrich) as an internal standard and 25 pL of
sample was injected onto first a ZORBAX-SB Cl18 trap column
(0.5 x 35 mm, 5 um; Agilent Technologies) and then a ZORBAX-SB C18
column (0.5 x 150 mm, 5 um; Agilent Technologies) and was separated
using a Dionex Ultimate 3000 LC system at a flow rate of 40 uL min™ at
30 °C. The chromatography had an initial 20 min gradient from 95% solvent
A (Milli-Q with 5 mM ammonium formate; Sigma-Aldrich) and 5% solvent
B (methanol with 5 mM ammonium formate) to 90% solvent B, followed by
a 10 min isocratic step of 90% solvent B, then a 5 min gradient from 90% to
95% solvent B, an isocratic 5min step at 95% solvent B, and a 15 min
conditioning step at 5% solvent B prior to injecting the next sample.

The LC effluent was introduced into either the ICP-MS in kinetic
energy discrimination mode or the ESI-MS (Q-Exactive HF Orbitrap;
Thermo Scientific), with MS1 scans collected in full positive mode with
120,000 mass resolution, 200-2000 m/z mass range, 1E6 AGC target, and
100 ms maximum injection time. MS2 scans were collected in data-
dependent MS2 (dd-MS2) mode with 30,000 mass resolution, 1.0 m/z iso-
lation window, 2E4 AGC target, 100 ms maximum injection time, 35%
collision energy, and an in-house inclusion list containing the apo- and
metal-bound masses of ~600 known Fe- and Cu-metallophores. Prior
work'"” on siderophore characterization contains additional details.

*Fe and “Cu peaks were identified in LC-ICP-MS chromatograms
using custom R scripts. Individual peak areas, as well as total SPE metal-
bound ligand concentrations ([Fe-L]spg, [Cu-L]spg) based on the area of the
chromatogram, were calculated with standard curves of the siderophore
ferrioxamine E (Supplementary Fig. 11; R* > 0.99; Sigma-Aldrich). The limit
of detection for an individual peak based on the standard curve for this
analysis was 8-26 pM (Supplementary Fig. 11), but large amounts of
chromatographically-unresolved ligands can obscure small peaks. A small
correction was applied to [Cu-L]spg based on the ratio of typical Fe and Cu
sensitivities in our LC-ICP-MS method. Following peak quantification, LC-
ESI-MS data was used to identify masses with similar retention times as LC-
ICP-MS peaks. Raw data files were converted to mzXML format using

MSConvert (Proteowizard), and processing was carried out with in-house R
scripts rooted in previously-published workflows™””’. For each peak, R
package RaMS"* was used to subset data structures to a time window of
+75 s of the peak’s ICP-MS retention time. Then, extracted ion chromato-
grams (EICs) were iteratively generated in 0.005 m/z increments for m/z’s
300-1800 and a peak shape score was calculated based on the integral of the
squared intensity as a function of time”’. Candidate masses with good scores
were further investigated by searching for and evaluating the peak shape of
apo masses, ’C isotopologues and metal isotopologues. Candidate masses
were identified as metallophores by the presence of two LC-ESI-MS EIC
peaks at the LC-ICP-MS retention time of a given metal, with Am/z equal to
the mass difference of the two most abundant metal isotopes and intensity
ratios similar to the natural abundance ratios of the two isotopes. The
magnitude of differences between the measured Am/z for Cu isotopes and
1.998192, the exact Am/z for Cu ligands, in this analysis ranged from
0.008-0.292 mDa (Supplementary Tables 3-4).

After noticing a large number of novel Cu-binding compounds,
samples were analyzed using LC coupled to the custom-built hybrid linear
ion trap Fourier transform jon cyclotron resonance mass spectrometer (FT-
ICR MS) at 21 Tesla at the National High Magnetic Field Laboratory
(Tallahassee, FL, USA) to obtain ultrahigh-resolution exact masses*. This
custom-built FT-ICR MS at 21 T is able to achieve the high mass resolving
power, dynamic range, and sensitivity needed to confidently assign mole-
cular formulae to low abundance species within a complex organic matrix".
Cu ligands were separated using a Dionex Ulitmate 3000 (Thermo Scien-
tific) LC equipped with the same Zorbax-SB C18 column (0.5 X 150 mm,
5 um) as for the LC-ICP-MS and LC-ESI-MS (Orbitrap) analyses. The LC
conditions used were also replicated. The LC was directly coupled to a
heated electrospray ionization source (HESI), operated in positive mode at
3.5 kV. The capillary and source heater temperatures were set to 350 °C and
75 °C, respectively. The sheath and auxiliary gas were set to 15 and 5
(arbitrary units), respectively. MS1 spectra were collected at a resolution of
1,200,000 at 400 m/z and an AGC target of 1 x 10° charges from 200 to
1600 m/z, with a maximum inject time of 500 ms. Using Freestyle (Thermo
Scientific), exact masses as well as intensities of “C-, *N-, *O-, and
*S-isotopologues (if present) were used to determine the putative molecular
formula of the compound. If there were too few isotopologue peaks present
and/or too many reasonable possibilities, no putative molecular formula was
recorded. The difference between the mass observed on the FT-ICR-MS and
the monoisotopic mass of the assigned formula, or the assignment error,
were all below 1 ppm and averaged 0.37 ppm (Supplementary Table 3).
Select ions were targeted for fragmentaiton in the ion trap using collionally
induced dissociation (CID), with a normalized collisional energy of 40.
MS?2 spectra were collected using an isolation width of 1.6 Da.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Reported data in this study can be found in Tables S1-S3 of the supplement.
LC-ESI-MS (Orbitrap) and LC-FT-ICR-MS raw data has been deposited in
the Mass Spectrometry Interactive Virtual Environment (MassIVE) data-
base and can be accessed under MSV000094994 (https://doi.org/10.25345/
C50000B5D) and MSV000094995 (https://doi.org/10.25345/C5V98034P),
respectively. RStudio, ChemDraw, and Thermo FreeStyle were the primary
software used in this study. MetFrag (msbi.ipb-halle.de/MetFrag/) was used
for the preliminary MS2 annotations in the supplement, and PubChem
(pubchem.ncbi.nlm.nih.gov/) was used to pull many of the structures of
known compounds. Code used to generate figures is deposited in GitHub
and can be accessed under https://doi.org/10.5281/zenodo.14188098.
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