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Abstract

Functional substitution of the essential trace metals zinc (Zn) and cobalt (Co) within metalloenzymes has

been well documented in marine diatoms and is known to be prevalent among varying genera and species. In

contrast to the majority of species studied to date, we find that the polar diatom Chaetoceros neogracile RS19,

originally isolated from the Ross Sea, Antarctica, has a Zn requirement that cannot be met by Co and thus does

not demonstrate a Zn/Co substitution ability as assessed by growth rate. We investigated this diatom’s inability

to use Co to alleviate Zn-limited growth rates at the transporter, sensor/chaperone, and metalloenzyme level

using metal quota and proteomic analyses of cultures grown over a range of Zn and Co availability. Analysis of

total cellular metal quotas revealed that, although incapable of substitution, this diatom still actively assimilated

dissolved Co. We furthermore observed distinct trends in the abundance levels of putative α and θ-CAs, ZIP

transporters, Zn fingers, and a Zn chaperone in response to increasing media Zn2+. Overall, Co appears to be

transported into the cell, but not efficiently utilized by Zn metalloenzymes.

Zinc (Zn) is an important trace element in algal metabolism

due to its use as a cofactor in Zn-containing metalloenzymes

such as carbonic anhydrases (CAs), which are key parts of the

carbon concentrating mechanism (CCM) in aquatic photoau-

totrophs (Badger and Price 1994; Badger et al. 1998; Espie and

Colman 2005; Jensen et al. 2020). Intracellular CAs catalyze

the interconversion of accumulated HCO3
� to CO2 in proxim-

ity to Rubisco and prevent CO2 leakage from the cell

(Badger 2003) while extracellular CAs associated with the

plasma membrane, periplasmic space, or cell wall are thought

to facilitate CO2 influx by converting HCO3
� to CO2 within

the diffusive boundary layer surrounding the cell (Moroney

et al. 1985; Elzenga et al. 2000; Burkhardt et al. 2001; Hopkin-

son et al. 2013).

To date, seven subclasses of CA (α, β, γ, δ, ζ, θ, and ι) have

been identified in marine phytoplankton (DiMario et al. 2018;

Jensen et al. 2019), none of which share homology and are

thus thought to be the result of convergent evolution

(Hewett-Emmett and Tashian 1996; So et al. 2004). While

Zn2+ is the cofactor most commonly used in algal CAs, utiliza-

tion of both cadmium (Cd2+) and cobalt (Co2+) in place of

Zn2+ has been previously documented in the diatom

Thalassiosira weissflogii via the use of ζ-CA (CDCA) and δ-CA

(TWCA1) that are able to replace Zn2+ with Cd2+ and with

Co2+, respectively (Price and Morel 1990; Lee and Morel 1995;

Yee and Morel 1996; Lane and Morel 2000a; Lane et al. 2005).

It is well established that the addition of Co2+ (or Cd2+)

can restore the growth rate of many Zn2+-limited marine algal

species in culture, and the major mechanism for this restora-

tion is thought to be due to the replacement of Zn2+ by Co2+

or Cd2+ in CAs (Morel et al. 2020). This substitution effect has

been investigated by measuring specific culture growth rates

with variations in Zn and Co concentrations added to the

growth media (Sunda et al. 2005; Haas et al. 2009; Kellogg

et al. 2020) and has been documented in a variety of marine dia-

tom species including Thalassiosira pseudonana, Thalassiosira

oceanica, T. weissflogii, Thalassiosira sp. UNC1203, Phaeodactylum

tricornutum, and Pseudo-nitzschia delicatissima UNC1205 (Sunda

and Huntsman 1995; Haas et al. 2009; Kellogg et al. 2020) as

well as in the marine prymnesiophytes Emiliania huxleyi and
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Phaeocystis antarctica (Sunda and Huntsman 1995; Timmermans

et al. 2001; Xu et al. 2007; Saito and Goepfert 2008).

Although many marine diatom species are capable of meta-

bolic Zn/Co inter-replacement to some degree, notable excep-

tions within the genus Chaetoceros exist. Both Chaetoceros

calcitrans and Chaetoceros simplex are reportedly unable to alle-

viate Zn-limited growth rates using Co (Timmermans

et al. 2001; Koch and Trimborn 2019). Zn/Co metabolic sub-

stitution therefore does not appear to be universal among dia-

toms, and based on these studies, members of the genus

Chaetoceros appear incapable of substituting Co in place of

Zn. To further explore this inability within the genus

Chaetoceros, we conducted Zn and Co addition experiments

on a Southern Ocean (Ross Sea) isolate of the polar diatom

Chaetoceros neogracile RS19 and analyzed the growth rate,

metal quota and proteomic response to metal addition. Like

C. calcitrans and C. simplex, we find that C. neogracile RS19 also

possesses an absolute Zn requirement for growth that cannot

be replaced by Co. This study examines the influence of Zn

and Co nutrition on the specific growth rate, total metal con-

tent, and proteome of a substitution-incapable diatom in

order to explore possible mechanisms underlying the inability

to Zn/Co substitute.

Materials and methods

Media and culturing techniques

C. neogracile RS19 cultures were maintained in a 4�C incu-

bator under constant cool white fluorescent lighting (30 μmol

photon m�2 s�1). All cultures were randomly repositioned

each day to avoid any effect of subtle variation in light inten-

sity on growth. C. neogracile RS19 was originally collected from

the Ross Sea, Antarctica, and was isolated on 26 June 2000 by

D. Moran. Species-level identification was performed with 18S

rRNA gene sequence analysis (GenBank accession EF432514.1)

and had 99.9% sequence overlap (1697/1699 base pairs) with

the 18S sequence from C. neogracile (NCBI accession

EU090012.1). Stock cultures of this isolate were maintained

continuously in the Saito laboratory at the Woods Hole

Oceanographic Institution. All cultures were axenic and

maintained by sterile technique until needed. Microscopy

images were obtained using a Zeiss Axio Imager A2 microscope

using differential interference contrast optics (Fig. S5).

All polycarbonate culture tubes and other plasticware used

in the experiments were cleaned to remove trace metal con-

taminants before use. This procedure involved, at minimum, a

72 h soak in < 1% Citranox detergent, five rinses in Milli-Q

water, a 7 d soak in 10% HCl, and five rinses with dilute acid

(HCl, pH 2). Biological duplicate cultures were grown over

12 metal treatments in microwave-sterilized 28 mL polycar-

bonate centrifuge tubes (Nalgene) containing 25 mL total

media. All solutions were pipetted after a tip rinse procedure

consisting of three rinses with 10% HCl followed by three

rinses with sterile dilute HCl (pH 2). All culture work was

conducted in a Class 100 clean room and transferring of

cultures was conducted in a laminar flow hood within the

clean room.

Culture media was prepared after that used by Sunda and

Huntsman (1995, 2005) for trace metal experimentation.

Microwave sterilized (Keller et al. 1988) 0.2 μm-filtered Equato-

rial Pacific surface seawater collected at station 14 of the 2016

ProteOMZ expedition (10.5600�S, 146.3133�W; cruise code

FK160115) was used as the media base. Macronutrients were

added to this sterile base to a final concentration of 88.2 μM

NaNO3, 41.5 μM NaH2PO4, and 106 μM Na2SiO3. Macronutri-

ent stock solutions were Chelex-treated to remove trace metal

contaminants before use (Sunda et al. 2005). Added vitamins

included 2 nM biotin, 0.37 nM B12 as cyanocobalamin, and

300 nM thiamine and were also Chelex-treated before use.

Trace elements were added to final media concentrations of

10�7 M FeCl3, 4.8 � 10�8 M MnCl2, 4.0 � 10�8 M CuSO4,

10�7 M NiCl2, and 10�8 M Na2O3Se within a 10�4 M eth-

ylenediamine tetraacetic acid disodium salt (EDTA, Acros

Organics, C10H14N2Na2O8) metal ion buffer system (Sunda

et al. 2005). All media amendments were sterile filtered

through acid-rinsed 0.2-μm filters before addition to final

media. Media were equilibrated for at least 12 h before

inoculation.

Established cultures were first acclimated in low-metal

media containing 1 nM total added Zn or less for at least three

transfers. These acclimated cultures were used as a 1% inocu-

lum for biological duplicate experimental cultures. All growth

media was chilled to the experimental temperature (4�C)

before inoculation. For Zn limitation experiments, media was

amended with 0, 1, 3, 10, 30, and 100 nM total added Zn in

the absence of added Co. Similarly for Co limitation experi-

ments, Co was added at the same concentrations in the

absence of added Zn. We refer to growth rate experiments

using media amended with Zn or Co (while omitting the

other) as “simple limitation” experiments. Growth rate experi-

ments in which one metal was held at a constant total added

value while varying the added concentration of the other

metal were also conducted—we refer to these as “double addi-

tion” experiments. Growth of all experiment cultures was

monitored by relative chlorophyll fluorescence using a Turner

TD-700 fluorometer, calibrated prior to measurement with a

solid standard. All cultures were grown in 28 mL polycarbon-

ate tubes (see above) that are compatible with the fluorometer.

This allowed measurements to be taken for the entire culture

without having to take subsamples, mitigating the risk of

exposing cultures to contamination. Growth rates were calcu-

lated from the slope of the natural log of chlorophyll fluores-

cence vs. time during exponential growth over a 6-d period.

Computed ratios of [Zn2+] and [Co2+] to total concentrations,

whose values are 10�3.99 and 10�3.63, respectively, were used

to convert total added metal concentrations to free ion con-

centrations and are the same as those used by Sunda and

Huntsman (1995).
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There is a body of literature involving physiological, multi-

element trace metal studies relying on singlicate measure-

ments (Sunda and Huntsman 1995, 1998a, 2000, 2005). The

use of replication in multi-element studies is difficult because

the number of treatments can become unwieldy for experi-

mentation in a single incubator chamber, for example a 6 � 6

matrix of treatments is 36, 72, or 108 experimental flasks, in

singlicate, duplicate, or triplicate, and hence increased replica-

tion often comes at the expense of exploration of multi-

parameter space. It is thought that trace metal physiology is

less prone to biological variability due to the use of

cleanrooms and lack of dust contamination that is ubiquitous

in non-cleanroom experiments. In this study, we chose to use

biological duplicates. The relative standard deviation of the

range of variability in growth rate for all values in Table S1

was 1.8%, consistent with the notion that cleanroom-based

trace metal physiology is highly reproducible.

Metal quotas

Cellular metal quotas were measured by inductively

coupled plasma mass spectrometry (ICP-MS). Biomass from

biological duplicate 25 mL double addition cultures of

C. neogracile RS19 were pooled upon reaching late log phase of

growth and were centrifuged at 11,000 RPM (14,610g) for

40 min at 4�C. The cell pellet was resuspended in � 1 mL

media and transferred to an acid-cleaned microcentrifuge

tube. Cultures were centrifuged again for 30 min at 14,100

RPM (13,336g) at 4�C before the supernatant was discarded.

Half of the remaining cell pellet was acidified in 800 μL of 5%

nitric acid (Optima) containing 1 ppb indium for at least 7 d

while the other half was retained for proteomic analysis.

Solids were removed by centrifugation. No attempt was made

to remove extracellular metals by washing cells with addi-

tional metal chelators in order to minimize processing blanks.

Quota determinations therefore include contributions from

both intracellular and extracellular pools. Process blanks con-

taining acid but no cells were digested as samples were.

Digests were diluted by a factor of 9 with 5% nitric acid 1 ppb

indium solution before being analyzed in technical duplicate

on a Thermo ICAP-Q plasma mass spectrometer calibrated to a

multi-element standard curve (Spex Certiprep) over a range of

1–20 ppb (R2
≥ 0.9998 for all metal standard curves). Samples

were analyzed in KED mode after an 85 s sample uptake win-

dow and element mass windows were scanned three times

during measurements. The 1 ppb indium internal standard

was used to correct for variation in sample delivery and

plasma suppression between samples. Process blanks were sub-

tracted from measured concentrations. Phosphorus concentra-

tions were also measured by ICP-MS simultaneously and were

calibrated to a standard curve ranging from 100–3200 ppb

(R2
= 0.9999) using a 1 ppm certified P stock (Alfa Aesar

Specpure). The seawater media base used for all growth experi-

ments was similarly analyzed via ICP-MS using a 1 : 10 dilu-

tion of media base into 5% nitric acid 1 ppb indium and

analyzed as above to determine background media concentra-

tions of total Zn and Co (0.7 and 0.1 nmol L�1, respectively).

The steady-state net uptake rates (ρ) of Fe, Mn, Ni, Cu, Zn, Cd,

and Co were also calculated as the cellular metal quota (Q)

multiplied by the specific growth rate (μ) of double addition

cultures (Sunda and Huntsman 1995). The metal quota sample

corresponding to the Zn2+
= 1e�13 M treatment was contam-

inated and therefore not included.

Proteomic analysis of experiment cultures

Biomass from biological duplicate 25 mL cultures was col-

lected during late log phase growth for proteomic analysis by

centrifugation at 11,000 RPM (14,610g) for 40 min at 4�C. Pro-

teins were extracted, alkylated and reduced using a modifica-

tion of previously published methods (Saito et al. 2011;

Hughes et al. 2014). Biomass was resuspended in lysis buffer

(50 mM HEPES, pH 8.5, 1% SDS) and heated for 10 min at

95�C, then incubated for 30 min at room temperature with

gentle shaking at 350 RPM. Biomass was then centrifuged at

14,100g for 20 min to remove cellular debris. The supernatant

was transferred to an ethanol-washed microcentrifuge tube

and 2 μL of benzonase nuclease was added before incubating

for 30 min at 37�C. Samples were then alkylated by adding

5 μL of 200 mM dithiothreitol (DTT) in 50 mM HEPES pH 8.5

per 100 μL of lysate and incubated at 45�C for 30 min. Ten

microliters of 400 mM iodoacetamide in 50 mM HEPES pH 8.5

was then added, followed by incubation in the dark for

30 min at 24�C. Ten microliters of 200 mM DTT in 50 mM

HEPES pH 8.5 per 100 μL of lysate was then added to quench

the reaction.

Proteins were isolated and washed using a magnetic bead

method adapted from Hughes et al. (2014), using a 1 : 1 mix-

ture of hydrophobic and hydrophilic Sera-Mag SpeedBeads

(GE Healthcare Life Sciences). Magnetic beads were added to

the protein mixture at a concentration of 20 μg/100 μL of total

reaction. The solution was acidified with 10% formic acid to

pH 2. Acetonitrile (ACN) was then immediately added to a

final concentration of 50% and samples were incubated for

15 min at 37�C, then for 30 min at room temperature before

being placed on magnetic racks for 2 min. The mixture was

then washed with an equal volume of 70% ethanol (2�) and

ACN (1�). After removing the final ACN wash, the proteins

were reconstituted in 50 mM HEPES (pH 8.0) and trypsin

digested for 14 h at 37�C. The mixture was resuspended,

washed with ACN, and placed on the magnetic rack. Proteins

adhered to beads while ACN was removed by pipetting. The

peptide sample was reconstituted in 2% DMSO and acidified

with 1% formic acid to bring to a final concentration of

0.1 μg/μL. Protein concentration was quantified using a colori-

metric assay at 562 nm (BCA total protein assay; Thermo

Fisher Scientific).

Whole cell protein digests were analyzed in technical dupli-

cate by liquid chromatography mass spectrometry (LC–MS)

using a Paradigm MS4 HPLC system (Michrom) with reverse
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phase chromatography, a Michrom ADVANCE source, and a

Thermo Scientific Q Exactive hybrid quadrupole-orbitrap

mass spectrometer. Mass spectra were searched against a

C. neogracile RS19 translated transcriptome database (see Data

Availability section) that was generated under iron limitation

and otherwise replete conditions using Proteome Discoverer’s

SEQUEST algorithm (Thermo Fisher Scientific) with a frag-

ment tolerance of 0.02 Da and parent tolerance of 10 ppm.

Database search results were processed and visualized using

spectral counting abundance scoring within Scaffold 4.0

(Proteome Software, Inc.). Protein abundances are reported as

total normalized spectra with the following parameters: 99.0%

minimum peptide threshold, 99.0% minimum, and three pep-

tides minimum protein threshold, 0.0% peptide false discov-

ery rate (FDR), and 0.0% protein FDR. A total of 285,535 mass

spectra were detected from 12 biological samples, resulting in

1064 protein identifications. Of these proteins, 814 had PFam

annotations.

Protein BLAST searches

The stand-alone command line application BLAST+ from

the National Center for Biotechnology Information was used

to identify CAs in the proteome of C. neogracile RS19 gener-

ated in this study. The proteome was BLAST searched

(E = 5e�5) against a custom database of known diatom CAs

that included eight α, two β, seven γ, five δ (including TWCA),

two ζ (including CDCA), one θ, and one ι-CA from the marine

diatoms T. pseudonana, P. tricornutum, and T. weissflogii

(Table S4). Alignments are shown in Fig. S1. Representative

protein members of the metal transporter families Zrt/Irt-like

(ZIP), cation diffusion facilitators (CDFs), P1B-type ATPases,

and vacuolar iron transporter 1 (VIT1) were similarly searched

for within the proteome using BLAST+. Sequences of repre-

sentative metal transport proteins from T. pseudonana and

P. tricornutum were acquired from annotated proteomic data-

bases (Thaps3 and CCAP 1055/1 v2.0 Phatr2, all models)

available online from the Joint Genome Institute (jgi.doe.gov)

(Armbrust et al. 2004; Bowler et al. 2008) (Table S6). Trans-

membrane domains in C. neogracile proteins were predicted

with TMHMM Server v.2.0 (http://www.cbs.dtu.dk/services/

TMHMM-2.0/) (Krogh et al. 2001).

Statistics and visualizations

Half-saturation constants (Km) for growth and maximal

growth rates (μMax) were calculated from simple limitation

growth rates using a nonlinear fitting function in MATLAB

v. R2020b (MathWorks Inc.). Relationships between protein

spectral counts, specific growth rates, and Zn metal quotas

were analyzed using two-way least squares linear regressions

performed in MATLAB using the script lsqfitma.m (Glover

et al. 2011). A paired t-test comparing growth rates achieved

in simple Zn limitation and in Zn double addition experi-

ments was performed in MATLAB at a 1% significance level

(α = 0.01). Protein alignments were generated in MEGAX 10.1

using the MUSCLE multiple sequence alignment program

with default parameters (Edgar 2004; Kumar et al. 2018). Sta-

tistical analysis of selected proteomes represented by volcano

plots was conducted using a paired two-way t-test in MATLAB

with a significance cutoff of p < 0.05. Average spectral count

values of zero were changed to a small value (0.1) to allow for

fold change estimates. Proteomic heatmaps were generated in

R v.4.0.3 using pheatmap v1.0.12, with spectral counts nor-

malized using the normalized spectral abundance factor

(NSAF) calculation (Zhang et al. 2010). NSAF-normalized spec-

tral counts assigned to redundant PFam annotations were

summed together.

Results

Growth rate experiments

In simple Zn2+ limitation, increasing Zn2+ concentrations

resulted in increased growth rates in C. neogracile RS19 to a

maximum of 0.43 d�1 (Fig. 1a, blue data points; Table S1).

Fig. 1. (a) Growth rates of Chaetoceros neogracile RS19 for simple limitation experiments varying zinc concentrations with no added cobalt

(Zn limitation, no added Co) and varying cobalt concentrations with no added zinc (Co limitation, no added Zn). (b) Growth rates for double addition

experiments in which the concentration of one element varies while the other is held constant. Growth rate values are means � range for biological dupli-

cate cultures. Data plotted from Table S1.
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A Km of 2.9 � 10�13 M for Zn2+ was calculated from simple

limitation growth rates using nonlinear Monod curve fitting

(R2 = 0.87), and is in good agreement with the Km (Zn2+) value

reported for C. calcitrans (1.9 � 10�13 M; Timmermans

et al. 2001) and for the diatoms P. delicatissima UNC1203

(1.96 � 10�13 M) and T. pseudonana CCMP1335 (5.11 �

10�13 M) (Kellogg et al. 2020). In simple Co2+ limitation, growth

rates remained < 0.1 d�1 irrespective of how much Co was added

(Fig. 1a, red data points; Table S1) indicative of an inability to use

Co to alleviate Zn-limited growth.

Lack of a substitution ability in C. neogracile RS19 was fur-

ther demonstrated in the double addition experiments, in

which one metal was held at a constant value while the con-

centration of the other metal increased. With increasing Zn2+,

and Co2+ held constant at 2.37 pM, growth rates increased to

a maximum of 0.39 d�1 (Fig. 1b, blue data points; Table S1).

This growth rate is similar to the maximum of 0.43 d�1

achieved with simple Zn addition (Fig. 1a, blue data points).

In the converse scenario, with a Zn2+ concentration held con-

stant at 1.1 pM, increasing Co2+ resulted in highly uniform

growth rates (� 0.32 d�1) over the entire range of added Co

(Fig. 1b, red data points). Growth rates achieved with 1.1 pM

Zn2+ and various amounts of additional Co (� 0.32 d�1) were

therefore nearly identical to the growth rate achieved with

1.1 pM Zn2+ with no additional Co (0.33 d�1) (Fig. 1b;

Table S1). Increasing Zn2+ concentrations thus determined

the growth response of C. neogracile RS19, with Co2+ having

no effect or slightly negative effects on growth rate.

Cellular metal quotas

Upon reaching late log phase of growth, biomass from bio-

logical duplicate double addition cultures of C. neogracile RS19

was pooled, harvested, and analyzed for total cellular Fe, Mn,

Ni, Cu, Zn, Cd, and Co metal content. Metal quotas normal-

ized to cellular phosphorus (P) content are listed in Table S2 and

shown in Fig. 2a. Distinct differences in quota trends were

apparent when comparing Co2+ amended cultures with Zn2+

amended cultures. We observed comparatively smaller

variations in Fe : P, Mn : P, Ni : P, Cu : P, Zn : P, and Cd : P

quotas across all Co amendments (Fig. 2), with averages of

6.01 � 0.39 mmol Fe mol�1 P, 6.55 � 0.53 mmol Mn mol�1 P,

0.06 � 0.012 mmol Ni mol�1 P, 0.06 � 0.003 mmol Cu mol�1 P,

Fig. 2. Cellular Fe, Mn, Ni, Cu, Zn, Co, and Cd quotas for double addition cultures of Chaetoceros neogracile. Cellular metal quotas are normalized to cel-

lular P. Data plotted from Table S2. Quota values were analyzed from pooled biological duplicate cultures. Mean values are plotted � the range of techni-

cal duplicate measurements for each treatment. NA, not available.
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0.41 � 0.15 mmol Zn mol�1 P, and 0.47 � 0.30 μmol Cd mol�1 P,

respectively (Fig. 2a,b; Table S2). Only Co quotas demonstrated a

distinct trend, with increased quotas under increasing added Co2+.

A minimum Co quota of 0.01 mmol mol�1 P at [Co2+] = 0.02 pM

and amaximumquota of 0.14 mmol mol�1 P at [Co2+]= 23.47 pM

was observed (Fig. 2b; Table S2).

In the converse scenario of metal additions, with Co2+ held

constant at 2.37 pM while Zn2+ increased, no trends were

apparent in Fe, Ni, and Cu quotas, though maximum quota

values were generally higher than those achieved in added Co

(FeQ,Max = 14.3 mmol mol P�1 at [Zn2+] = 3.14 pM, NiQ,Max =

0.35 mmol mol P�1 at [Zn2+] = 3.14 pM, CuQ,Max =

0.33 mmol mol P�1 at [Zn2+] = 0.17 pM) (Fig. 2; Table S2). An

overall decrease in Mn quotas was observed, with a maximum of

14.01 mmol mol P�1 at [Zn2+] = 0.17 pM and a minimum of

4.16 mmol mol P�1 at [Zn2+] = 3.14 pM. As added Zn increased,

Zn quotas increased to a maximum of 2.0 mmol mol P�1 at

[Zn2+] = 10.3 pM. Decreases in Co : P and Cd : P quotas were

Fig. 3. Mean spectral counting abundance scores of putative (a) Zn fingers, (b) RNA polymerases, (c) alpha, gamma, and (d) theta carbonic anhydrases

(CAs), (e) ZIP transporters, (f) P-ATPase, and (g) ZCRP-A detected in double addition proteomes of Chaetoceros neogracile RS19. Mean abundance scores

were analyzed from pooled biological duplicate cultures. Mean values are plotted � the range of technical duplicate measurements for each treatment.
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also observed with increasing Zn, with minimum quotas of both

metals (0.019 mmol Co mol P�1 and 0.43 μmol Cd mol P�1)

observed at the largest added Zn treatment, [Zn2+] = 10.3 pM.

Detection and analysis of Zn regulatory and RNA

polymerase proteins

Proteomic analysis of C. neogracile RS19 biomass was con-

ducted to explore the abundance patterns of Zn-related pro-

teins expressed in this diatom in response to Zn and Co

nutrition. Beyond its role as a catalytic cofactor in meta-

lloproteins, Zn also performs roles in DNA-directed RNA poly-

merases and in cellular regulatory processes via zinc fingers,

small Zn-binding domains within various proteins function-

ing in transcription and translation (Krishna 2003). Increases

in five distinct Zn finger proteins (including one Zn knuckle)

were observed with increasing Zn2+ (Fig. 3a). Two subunits of

RNA polymerase II were also identified within the proteomic

data, with increasing abundances of both subunits with

increasing Zn2+, but not with increasing Co2+ (Fig. 3b).

Detection and analysis of CAs

As diatoms are known to possess CAs that retain function-

ality with both Zn2+ and with Co2+, we next investigated the

CA portfolio of C. neogracile RS19. Using the application

BLAST+, CAs were identified by searching the generated

C. neogracile RS19 proteomes against a custom database of

known diatom CAs that included eight α, two β, seven γ, five δ

(including TWCA), two ζ (including CDCA), one θ, and one

ι-CA from the marine diatoms T. pseudonana, P. tricornutum,

and T. weissflogii (Table S5). Six C. neogracile RS19 proteins

were identified as putative CAs based on sequence homology,

including one α-CA, one γ-CA, and four θ-CAs (Figs. 3c,d, S1;

Table S5). Distinct expression patterns of the α-CA and of

θ-CA1, θ-CA2, and θ-CA3 in units of total spectral counts as a

function of increasing Zn2+ or increasing Co2+ were observed.

With increasing Co2+, the abundances of these CAs showed

little variation. In contrast, with increasing Zn2+, the abun-

dance of these CAs markedly increased (Fig. 3c,d). Abundances

of only two out of the six detected CAs, γ-CA and θ-CA4, were

not significantly different across all Zn treatments (paired two-

way t-test, p = 0.05).

Detection and analysis of putative metal transporters

In addition to CAs, representative protein members of the

metal transporter families Zrt/Irt-like (ZIP) and P1B-type

ATPases were also identified by searching the C. neogracile

RS19 proteome using BLAST+. Two proteins henceforth

referred to as Ch ZIP1 and Ch ZIP were identified as ZIP trans-

porters based on sequence similarity to a known ZIP trans-

porter in T. pseudonana (Figs. 3e, S2a; Table S6). With Zn2+

held constant at 1.1 pM while Co2+ increased, maximum

spectral counts of both Ch ZIP1 and Ch ZIP2 were observed at

Fig. 4. Volcano plots showing the distribution of quantified Chaetoceros neogracile proteins according to p value and fold change comparing (a) a low

vs. high added Co treatment and (b) a low vs. high added Zn treatment. Dashed lines indicate significance level cutoffs at p < 0.05 and jlog2 fold

changej > 2. Protein names in red text are those proteins of interest described in Tables S5 and S6 and plotted in Fig 3. Values of zero were changed to a

small value (0.1) to allow for fold changes estimates.
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the highest Co2+ concentration (17 and 9 counts, respectively;

[Co2+] = 23.47 pM; Fig. 3e). In contrast, with Co2+ held con-

stant at 2.37 pM while Zn2+ increased, both ZIP transporters

demonstrated similar behavior. Both were undetectable at the

lowest and highest Zn2+ concentrations (0.07 and 10.3 pM,

respectively) and exhibited maximum values at intermediate

Zn2+ concentrations, centering on Zn2+
= 0.4 pM (Fig. 3e).

A protein henceforth referred to as P-ATPase1 was identi-

fied as a putative P-ATPase based on BLAST similarity to the

cellular Cd2+ efflux protein ATPase5-1B in P. tricornutum

(Fig. S2b; Table S6). P-ATPase1 spectral counts showed an

overall decreasing trend with increasing Co2+ (Fig. 3f). In con-

trast, spectral counts ranged from undetected at the two low-

est Zn2+ treatments to a maximum of 8 at [Zn2+] = 3.1 pM

(Fig. 3f). In addition, we note the increased expression of the

putative metal chaperone ZCRP-A under low Zn as observed

previously in C. neogracile RS19 and in other marine diatoms

(Kellogg et al. 2022). Similar to CA abundance trends, total

ZCRP-A spectral counts were not modulated by increasing

[Co2+] (Fig. 3g).

To investigate the response of C. neogracile RS19 to low

vs. high added metal concentrations at the whole-proteome

level, we compared proteomes generated under 3 vs. 100 nM

total added Co and under 3 vs. 30 nM total added Zn using

volcano plots (Fig. 4). Notably, the abundance levels of all CAs

and transporters investigated in this study (Tables S5, S6) were

not significantly different comparing low vs. high Co addi-

tions (Fig. 4a). In contrast, comparison of proteomes generated

under low vs. high added Zn revealed the significant

upregulation of both ZIP transporters, Ch ZIP1 and Ch ZIP2,

Fig. 5. Heatmap of log2 NSAF-normalized Chaetoceros neogracile protein spectral counts showing relative protein abundance at the PFam annotation

level. The top 50 PFam-annotated genes with highest deviations from the mean (variances) across all double addition cultures are shown. The dendro-

gram shows similarity in spectral abundance among samples based on Euclidean distance and hierarchical clustering. Each row represents a PFam annota-

tion, with spectral counts associated with identical PFams summed together. Color gradients represent low (yellow) to high (blue) protein expression.
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as well as the putative metal chaperone ZCRP-A (Fig. 4b, green

data points) and the significant downregulation of α-CA, three

θ-CAs, and P-ATPase1 under low Zn (Fig. 4b, red data points).

A heatmap comparing the top 50 proteins with highest

variances in spectral abundance scores across all samples also

revealed the increased abundance of ZCRP-A under low Zn

and the upregulation of the Ch ZIP1 transporter under low

added metal conditions (Fig. 5).

Discussion

While the ability to use Co to restore Zn-limited growth

rates appears to be a widely shared capability among marine

phytoplankton, a few exceptions have been found. Two spe-

cies of Chaetoceros, C. calcitrans (CCMP1315; location of isola-

tion unknown) and C. simplex (CS 624, ANACC; isolated from

Prydz Bay, Antarctica), appear to be incapable of substituting

Co in place of Zn (Timmermans et al. 2001; Koch and

Trimborn 2019). Our results confirm this to be true for

another polar, psychrophilic Chaetoceros species, C. neogracile

RS19. We further explored the underlying mechanisms that

create this behavior using metal quota and proteomic ana-

lyses. Together these results provide a better understanding of

the metal homeostasis and selectivity within this representa-

tive member of the ecologically relevant Southern Ocean

genus Chaetoceros (Leventer 1991; Kang et al. 2001; Lasbleiz

et al. 2016).

We have demonstrated that C. neogracile RS19 is incapable

of using Co to restore Zn-limited growth rates, as growth rates

were not stimulated by increasing Co2+ concentrations up to

23.5 pM in the absence of added Zn (Fig. 1a). This behavior is

different from that observed in many other diatoms (and

other algal genera) for which Co addition clearly stimulated

the growth of Zn-limited cells (Sunda and Huntsman 1995;

Haas et al. 2009; Kellogg et al. 2020). Rather, the growth

response of C. neogracile RS19 is similar to that observed previ-

ously in the substitution-incapable species C. calcitrans

(Timmermans et al. 2001).

In the analysis of metal : P ratios in C. neogracile RS19, only

small variations in Fe : P, Mn : P, Ni : P, Cu : P, Zn : P, and

Cd : P quotas across all Co amendments were observed

(Fig. 2), reflecting the relatively consistent growth rates

attained across these treatments (Fig. 1). Notably, Co : P

quotas (and Co uptake rates; Fig. S4b; Table S3) markedly

increased with added Co, demonstrating that Co entered the

cell, presumably through divalent cation transporters (Fig. 2b).

In general, larger variations in metal quotas were observed

across Zn treatments. No trend was apparent for Fe, Ni, and

Cu quotas with increasing Zn, though maximum quotas for

all three elements were higher among Zn treatments com-

pared to Co treatments (Fig. 2a) reflecting a larger metabolic

demand as growth rates increased. Mn, Co, and Cd quotas

(and Co and Cd uptake rates for Zn2+ > 1e�12 M; Fig. S4b;

Table S3) shared an inverse relationship with [Zn2+], an effect

observed previously in marine diatoms due to the

upregulation of transport systems induced by low cellular Zn

that can also transport Mn, Co, and Cd (Sunda and Hunts-

man 1996, 1998b, 2000; Hawco and Saito 2018).

Overall, although C. neogracile RS19 is incapable of nutri-

tionally substituting Co for Zn, Co uptake still increased with

both increasing Co2+ and decreasing Zn2+ concentrations.

The inability to substitute Co is therefore not occurring at the

level of import transporters as these quota measurements

demonstrate entry of Co into the cell.

The proteomic results, coupled with the physiology and

metal quota data, offer the potential to explore the potential

Transporter Sensor/Chaperone Metalloenzyme

Zn2+

Co2+

Cd2+

Ch ZIP1

Possible 

level of Co 

exclusion?
No Yes Yes

Ch ZIP2

Metal sensors 

regulating GR
Zn2+ Co2+

Metal sensors 

regulating CAs
Zn2+ Co2+

α-CAZn2+ Co2+

θ-CAZn2+ Co2+

ZCRP-AZn2+ Co2+

P-ATPase1

Zn2+

Cd2+

Zn2+ 

Co2+

Cd2+

Zn2+ 

Co2+

Cd2+

Fig. 6. Cartoon schematic illustrating possible mechanisms of Co exclusion at the transporter, sensor/chaperone, and metalloenzyme level in

Chaetoceros neogracile, highlighting the proteins investigated in this study. ZIP, Zrt/Irt-like metal transporter; GR, growth rate; CA, carbonic anhydrase;

ZCRP-A, zinc–cobalt responsive protein A.
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cause(s) for the lack of Zn/Co substitution in Chaeotoceros.

The Zn metalloproteome can be extraordinarily complex given

the many functions Zn has within cellular biochemistry

(Mazzotta et al. 2021). In the present study, trends in various

Zn metalloproteins were observed that demonstrate active

responses to external Zn abundance, implying a complex

systems biology with respect to Zn. Below we discuss the

transporters, chaperone, and CA responses to varying

Zn. While these observations connect Zn availability to spe-

cific cellular responses (or lack thereof) and can contribute to

hypotheses as to the cause of the lack of Co substitution, we

caution that correlations with Zn do not necessarily imply

causation and that biochemical characterization on those

specific proteins will likely be needed to definitively identify

where Co fails to substitute.

The C. neogracile RS19 proteomes generated in the present

study revealed distinct responses to Zn vs. Co nutrition. With

increasing Co2+, maximum spectral counts of both Ch ZIP1

and Ch ZIP2 were observed at the highest added Co2+ concen-

tration (17 and 9 spectral counts, respectively; [Co2+] = 23.47-

pM; Fig. 3e; Table S6), but we found no significant difference

comparing spectral counts between low vs. high Co treat-

ments. Increasing [Co2+] therefore did not significantly

impact the abundance level of either transporter. In contrast,

the distinct peaks observed in spectral counts of these ZIP pro-

teins with Zn2+ addition is indicative of an acute responsive-

ness to Zn2+ over 0.17–1.1 pM (Fig. 3e). Diatoms are known to

possess a high-affinity Zn transport system that is upregulated

at free Zn2+ concentrations at or above 0.1 nM, but the iden-

tity of this transporter was unknown (Sunda and Hunts-

man 1992, 1998b, 2000). The ZIP transporters detected in

C. neogracile are thus likely components of the high-affinity

Zn transport system. As the high-affinity Zn uptake system is

thought to be nonspecific enough to bind and transport

cobalt and cadmium ions (Sunda and Huntsman 1995,

1998b), and ZIP transporters are known to transport multiple

metal cations including Fe, Zn, Mn, Co, Cu, and Cd

(Guerinot 2000; Brembu et al. 2011; Blaby-Haas and Mer-

chant 2012; Milner et al. 2013), it is likely that the Ch ZIP1

and Ch ZIP2 proteins detected in all Co treatments (Fig. 3e)

contributed to the uptake of dCo (Figs. 2b, S4b). While we

concluded that Co was not excluded from the cell at the trans-

porter level (Fig. 6), it is also apparent that the ZIP transporters

are regulated by Zn availability but not Co availability. Nota-

bly, the recently characterized diatom ZCRP-B membrane pro-

tein that is thought to be involved in Zn high-affinity

transport and is responsive to both Zn and Co was absent in

the C. neogracile RS19 proteomes generated in this study

(Kellogg et al. 2022).

In addition to the identified ZIP transporters, we also inves-

tigated the proteomes of C. neogracile RS19 generated in the

current Zn/Co study for the presence of membrane transporter

families implicated in metal homeostasis in algae. These

include the CDFs, P1B-type ATPases, and VIT1 families, all of

which include protein members reportedly involved in algal

metal transport (Cobbett et al. 2003; Hanikenne et al. 2005;

Blaby-Haas and Merchant 2012; Ibuot et al. 2020). Representa-

tive CDF proteins and VIT1 were investigated but were not

detected.

P-type ATPases are membrane-bound protein pumps that

can transport both monovalent and divalent metal ions

(Solioz and Vulpe 1996). ATPase5-1B is a P-type ATPase previ-

ously identified in the diatom P. tricornutum that has been

implicated in cellular efflux of Cd2+ and which shares high

similarity to the Cd/Zn transporter HMA4 from the plant

genus Arabidopsis (Hanikenne et al. 2008; Brembu et al. 2011;

Ma et al. 2020). The C. neogracile RS19 protein P-ATPase1 was

identified as a putative P-ATPase based on BLAST similarity to

the ATPase5-1B protein in P. tricornutum (Fig. S2b; Table S6).

P-ATPase1 spectral counts showed an overall decreasing trend

with increasing [Co2+], with spectral counts ranging from zero

(undetected) at the two lowest Zn2+ treatments to a maximum

of 8 at [Zn2+] = 3.14 pM (Fig. 3f). We note that over the range

of increasing [Zn2+], P-ATPase1 spectral counts increased and

Zn quotas increased (Figs. 2a, 3f). We therefore speculate that

P-ATPase1 may be acting as a Zn2+ efflux transporter in

C. neogracile RS19 to balance Zn quotas as growth rates

increase, though further characterization is needed.

We next examined the metal chaperones in C. neogracile

RS19. Recently we characterized ZCRP-A as an intracellular

protein with a conserved Zn2+-binding domain that is

thought to act as a metal chaperone in Zn/Co-limited diatoms

based on the inverse relationship between ZCRP-A abundance

and Zn2+ and Co2+ media concentrations in the marine dia-

toms T. pseudonana CCMP1335, P. tricornutum CCMP632, and

P. delicatissima UNC1205 (Kellogg et al. 2022). In the present

study, ZCRP-A increased in abundance in proteomes generated

under low [Zn2+] (Fig. 3g) in C. neogracile RS19 double addi-

tion experiments. Total ZCRP-A spectral counts were not mod-

ulated by increasing [Co2+], but instead responded to the

background amount of 1.1 pM Zn and the specific growth rate

achieved in these treatments (Fig. 3g). Indeed, ZCRP-A spectral

counts and specific growth rates over all double addition treat-

ments shared a significant negative linear relationship (two-

way linear regression, R2
= 0.67, p = 0.02; Fig. S3c), similar to

that observed previously in the diatom P. tricornutum (Kellogg

et al. 2022). The positive linear relationship between ZIP pro-

teins and ZCRP-A (R2
= 0.58, p = 0.05; Fig. S3d) in

C. neogracile RS19 furthermore suggested that ZCRP-A may be

controlled by a shared sensor and regulator system, and is

likely critical to Zn homeostasis in this organism by serving as

a Zn chaperone (as characterized in Kellogg et al. 2022). This

effect of [Zn2+] on ZCRP-A expression patterns agrees with our

previous findings in C. neogracile RS19, yet implies this protein

is responsive only to Zn in this particular diatom. Importantly,

the ZCRP-A protein in C. neogracile RS19 is unique among

other diatom homologs as it lacks the conserved G2/Switch I

region, which negates the predicted Zn2+-binding site (Kellogg

Kellogg et al. Lack of Zn/Co substitution ability
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et al. 2022) and which we hypothesize may contribute to this

behavior. Further work is required to investigate the metal-

binding capability of ZCRP-A in this diatom, though it is nota-

ble that the expression of this protein in C. neogracile RS19

was not significantly modulated by increasing [Co2+].

We next considered the metal-binding domains in the CAs

of C. neogracile RS19, with a specific focus on whether known

CA active site domains and structures can accommodate Co,

and if this substitution would affect enzymatic efficiency. As

the restoration of Zn-limited growth by addition of Co in dia-

toms has long been hypothesized to be conferred by the inter-

replacement of these metals in CAs, we explored the classes of

these CAs present and expression patterns in response to Zn

and Co in C. neogracile RS19. C. neogracile expressed putative

α, γ, and θ-CAs in response to our Zn and Co addition experi-

ments (Fig. 3c,d). Four of the six detected CAs (α-CA, θ-CA1,

θ-CA2, and θ-CA3) increased in abundance with increasing

[Zn2+], but not with increasing [Co2+], while abundances of

γ-CA and θ-CA4 did not significantly change over all metal

treatments (Fig. 3c,d).

Biochemical studies of the α-CA class have mainly been

performed on human carbonic anhydrase II, which is known

to bind Zn2+ at the active site tetrahedrally coordinated by

three histidine residues and a water or hydroxide molecule

(Liljas et al. 1972; Håkansson et al. 1992). While in vitro sub-

stitution of Co2+ at the active site of bovine carbonic

anhydrase II has been documented, the Co-containing form

results in decreased enzyme activity compared to the native

Zn form (Tu and Silverman 1985). The α-CA detected in

C. neogracile had highest similarity to P. tricornutum CA-III.

Tachibana et al. (2011) have previously characterized CA-III as

an α-CA that localizes to the chloroplast endoplasmic reticu-

lum. While the predicted active site of P. tricornutum CA-III

does not possess the three His residues known to form a Zn2+

coordination site (Tachibana et al. 2011), we note that

C. neogracile α-CA possesses all three His residues (Fig. S1a).

Based on these conserved Zn2+ coordination residues, it is pos-

sible that Co2+ can also be coordinated in C. neogracile α-CA,

and the effects on activity could be examined in future

studies.

Carbonic anhydrase methanosarcina (CAM), the prototype

of the γ-CA class isolated from the methanogenic archaeon

Methanosarcina thermophila, is the only γ-CA crystallized to

date and is known to use a Zn2+ cofactor that can be replaced

by Co2+ and Fe2+ (Iverson et al. 2000; Innocenti et al. 2004;

MacAuley et al. 2009; Ferry 2010; Supuran and Capasso 2017).

The ability of γ-CAs to replace Zn2+ with either of these metals

has not yet been observed in photosynthetic organisms, and it

is unclear if γ-CAs are involved in the CCM (DiMario

et al. 2017). C. neogracile γ-CA had high sequence similarity to

both T. pseudonana CA-13 and P. tricornutum CA-VIII, both of

which are mitochondrial γ-CAs (Fig. S1b; Table S5) (Tachibana

et al. 2011; Samukawa et al. 2014). A recent study has shown

that diatom γ-CA is part of mitochondrial complex I, though

it is unknown if the role of γ-CA is purely structural or if it is

capable of converting bicarbonate into CO2 (Cainzos

et al. 2021). Like CA-13 and CA-VIII, the predicted active site

of C. neogracile γ-CA possesses only two of the three conserved

His residues seen in CAM (Fig. S1b). However, γ-CA possesses

the potential Zn ligands His, Cys, or Asp near the putative Zn

coordination site and thus may retain activity with Zn2+.

The first member of the θ-CA class, Pt43233, was recently

discovered in P. tricornutum. Pt43233 localizes to the thylakoid

lumen, contains a well-conserved sequence forming a putative

divalent cation-chelating moiety, and is suggested to play a

role in both photosynthesis and the CCM (Kikutani

et al. 2016). While BLAST analysis has demonstrated the pres-

ence of θ-CAs in other diatoms (Jensen et al. 2020), there are

as of yet no studies investigating enzyme activity or efficiency

with Co2+. With the exception of θ-CA4, the predicted active

sites of C. neogracile θ-CAs possess only two or three of the

four putative Zn coordination residues seen in Pt43233

(Fig. S1c), but like the γ-CAs, possess His, Cys, or Asp that may

contribute to the Zn coordination site. Further research into

divalent metal coordination at the active site of diatom CAs

would elucidate the possibility of Co2+ exclusion at the level

of α, γ, and θ-CAs in C. neogracile RS19.

The different cellular localizations of these CAs further

complicates our consideration of where Co2+ exclusion is

occurring. In this study, we describe CAs in C. neogracile RS19

with high sequence similarity to CAs that have been shown to

localize to the chloroplast endoplasmic reticulum, the mito-

chondria, and the thylakoid lumen (Table S5). CAs within

these organelles must necessarily acquire their metal cofactors

via a system of transporters and chaperones, which may or

may not be metal selective, that deliver them through mem-

branes. CA localization is thus another factor that may influ-

ence Zn/Co metabolic substitution in diatoms.

We did not detect homologs of the known Co/Zn-binding

δ-CA (also called TWCA1 for T. weissflogii carbonic anhydrase),

the Cd/Zn-binding ζ-CA (also called CDCA1 for Cd carbonic

anhydrase), nor the Mn/Zn-binding ι-CA that have been previ-

ously described in diatoms (Jensen et al. 2019; Lane and

Morel 2000a). It is important to note that, since the raw pro-

tein spectra in this study were matched to proteins using a

transcriptome rather than a complete genome as a database as

no complete genome is available at this time (see methods),

additional CAs in C. neogracile RS19 may exist. However, we

find it notable that we detected no others in this Zn/Co limita-

tion study beyond the α-CA, γ-CA, and θ-CAs reported here,

and note that any other abundantly expressed CAs should

have been detected in the proteomic analysis using the trans-

criptome database.

In the present study, the combination of metal quota data,

protein expression patterns, and classes of CAs present in

C. neogracile RS19 imply that Co exclusion is occurring intra-

cellularly at the metalloprotein level rather than by exclusion

via transporter selectivity. There are several known Zn

Kellogg et al. Lack of Zn/Co substitution ability
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metalloproteins present in the proteome that could be the site

where Zn/Co cambialism is failing in this diatom. First, the

restoration of Zn-limited growth by addition of Co (and Cd)

in diatoms has been previously attributed to CAs, based on

observations of metal interreplacement within in vivo radio-

labeling studies (Yee and Morel 1996) and immunological

assays of protein expression (Lane and Morel 2000b).

It is possible that the CAs detected in this diatom during

Zn/Co limitation are more catalytically efficient with Zn2+,

which could result in the inability to recover the growth rate

of C. neogracile with low Zn and added Co in the double addi-

tion experiments, as some cambialistic diatom CAs have

reduced efficiency with alternate metals such as Co or Cd

(Xu et al. 2008). The specific growth rates obtained in double

addition experiments with increasing Zn2+ and constant Co2+

(Fig. 2b) were not significantly different compared to those

obtained in simple Zn2+ addition with no additional Co2+

(paired t-test; p = 0.79; Fig. 2a), implying no additive benefit

of Co with Zn, and hence no physiological evidence of

cambialism. A significant positive relationship was observed

between specific growth rate and CA abundance (Fig. S3e) and

was consistent with prior observations of reduced CA activity

under Zn-limited growth (McGinn and Morel 2008). Yet, we

did not observe a significant relationship between cellular Zn

quotas and CA abundance, implying that CAs were not domi-

nating the cellular Zn reservoir at the low Zn range (Fig. S3f).

Together these results imply that growth rates influenced CA

abundance, consistent with the greater photosynthetic

demand for carbon and need for CA at higher growth rates.

We further note that at the two lowest added Zn2+ concen-

trations in double addition experiments, no CAs of any type

were detected using global data dependent analysis despite a

background concentration of 2.37 pM Co2+, although more

sensitive targeted methods could be employed in the future

(Fig. 3c,d). While we did not explore the ability of this diatom

to substitute Cd2+ in place of Zn2+, we did not detect any CAs

in this diatom’s CA portfolio with significant BLAST similarity

to the Cd-binding ζ-CA, CDCA1. Together, the lack of the

well-characterized cambialistic diatom CAs in RS19 (δ-CA and

ζ-CA), and the decreased abundance of CAs at low Zn2+ con-

centrations implies that CAs were likely not solely responsible

for the lack of Co substitution in this diatom, nor were they

solely responsible for the decrease in specific growth rate at

low Zn2+ concentrations.

Other Zn-requiring proteins were also detected in the prote-

ome, notably RNA polymerase and Zn finger proteins. These

proteins are involved in transcription and translation and

were observed to increase within increasing Zn (Fig. 3a,b), and

had significant positive relationships with specific growth rate

(Fig. S3a,b). This RNA polymerase correlation is promising

with regards to interest in developing molecular proxies for

growth rate, and is consistent with prior observations of

decreased ribosomal proteins under phosphorus deficiency in

the diatom T. pseudonana (Dyhrman et al. 2012). Future

studies could examine if there is a robust relationship with

other limiting nutrients that could be further developed. Zn

finger proteins are often thought to be very low copy number

proteins, and hence it was surprising for them to be detectable

and show correlations with Zn in the present study. While

both RNA polymerase and Zn finger proteins are generally

considered Zn-requiring proteins, Co substitution has been

reported in vivo for RNA polymerase (Speckhard et al. 1977)

and has been found to cause toxicity (Predki and Sarkar 1994).

As with the CAs, biochemical studies with diatom proteins are

needed to identify the potential mechanisms giving rise to

an (in)ability to substitute Co for Zn.

Conclusions

The ability to use Co to restore Zn-limited growth rates in

diatoms is clearly species-specific, with C. calcitrans,

C. simplex, and now C. neogracile RS19 shown to be incapable

of substituting Co in place of Zn. Although there are likely

other marine algae that lack the Zn/Co substitution ability, it

is notable that the only three diatoms found to lack this abil-

ity thus far are members of the genus Chaetoceros. In this

study, transporters, chaperones, RNA polymerases, Zn finger

proteins, and certain CAs all showed relationships to Zn

and/or growth rate. While quota data demonstrates that Co

enters the cell, it is unable to substitute for Zn to allow the cell

to recover physiologically under low Zn. Given that many of

the proteins described above respond to Zn but not Co, we

speculate that the inability to Zn/Co substitute is occurring at

the enzyme level in C. neogracile RS19. To our knowledge, little

is known about what proteins are involved in intracellular Zn

sensing and homeostasis in marine diatoms. As the only CAs

detected in C. neogracile in this study belonged to the α, γ, and

θ classes, all of which are not known to retain maximal activ-

ity with a Co cofactor, the lack of Zn/Co cambialistic CAs in

this diatom could also contribute to the observed growth

trends.

As Zn/Co substitution is hypothesized to confer a competi-

tive advantage to substitution-capable phytoplankton species

when faced with extremely low concentrations of bioavailable

Zn, this species-specific ability should influence community

composition. The responsiveness of different diatom species

to Zn and Co may affect their competitiveness within the algal

community, leading to spatial and temporal differences in

species-specific primary production. We hypothesize that oce-

anic environments high in Zn may select for substitution-

incapable diatom strains, as these diatoms would likely be at a

growth disadvantage compared to substitution-capable dia-

toms in Zn-limited environments. For example, we have previ-

ously demonstrated that diatoms isolated from the northeast

Pacific, where relatively high surface dCo : dZn ratios were

observed, had enhanced abilities to use Co to relieve Zn-

limited growth rates in culture (Kellogg et al. 2020). The sur-

face northeast Pacific is therefore an example of a low dZn,

Kellogg et al. Lack of Zn/Co substitution ability
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high dCo region that hosts substitution-capable diatoms. In

contrast, C. neogracile RS19 was isolated from the Ross Sea of

Antarctica, which is an example of a high Zn environment.

dZn surface concentrations typically range from � 3–5 nM

with seasonal drawdowns to � 0.5–2 nM occurring during

summer (Fitzwater et al. 2000; Coale et al. 2005). The genus

Chaetoceros provides an interesting example of a

nonsubstituting diatom, and further biochemical and meta-

lloproteomic characterization will enable a better understand-

ing of the nature of Zn/Co cambialism and its effect on

marine community composition.

Data availability statement

The Chaetoceros neogracile RS19 mass spectrometry global

proteomics dataset generated here and transcriptome-derived

FASTA database file used for peptide to spectrum matching

(PSMs) generated under replete and iron-limited conditions

(see above) were submitted to the ProteomeXchange Consor-

tium through the PRIDE (Perez-Riverol et al. 2019) partner

repository with the dataset identifiers PXD026895 and 10.

6019/PXD026895. Growth rate and metal quota data from

this analysis have been submitted through the NSF’s Biologi-

cal and Chemical Oceanography Data Management Office

(BCO-DMO) repository. Code used to create the volcano plots

and heatmap is available on Github (https://github.com/

mkell0gg/ChRS19_2021_heatmap_volcanoplot).
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