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SUMMARY
Diatoms, dinoflagellates, and coccolithophores are dominant groups of marine eukaryotic phytoplankton
that are collectively responsible for the majority of primary production in the ocean.1 These phytoplankton
contain additional intracellular membranes around their chloroplasts, which are derived from ancestral
engulfment of redmicroalgae by unicellular heterotrophic eukaryotes that led to secondary and tertiary endo-
symbiosis.2 However, the selectable evolutionary advantage of these membranes and the physiological
significance for extant phytoplankton remain poorly understood. Since intracellular digestive vacuoles are
ubiquitously acidified by V-type H+-ATPase (VHA),3 proton pumps were proposed to acidify the microenvi-
ronment around secondary chloroplasts to promote the dehydration of dissolved inorganic carbon (DIC)
into CO2, thus enhancing photosynthesis.4,5 We report that VHA is localized around the chloroplasts of
centric diatoms and that VHA significantly contributes to their photosynthesis across a wide range of oceanic
irradiances. Similar results in a pennate diatom, dinoflagellate, and coccolithophore, but not green or red mi-
croalgae, imply the co-option of phagocytic VHA activity into a carbon-concentrating mechanism (CCM) is
common to secondary endosymbiotic phytoplankton. Furthermore, analogous mechanisms in extant photo-
symbiotic marine invertebrates6–8 provide functional evidence for an adaptive advantage throughout the
transition from endosymbiosis to symbiogenesis. Based on the contribution of diatoms to ocean biogeo-
chemical cycles, VHA-mediated enhancement of photosynthesis contributes at least 3.5 Gtons of fixed
carbon per year (or 7% of primary production in the ocean), providing an example of a symbiosis-derived
evolutionary innovation with global environmental implications.
RESULTS AND DISCUSSION

VHA contribution to O2 production bymarinemicroalgae
To test if VHA plays a functional role in phytoplankton photosyn-

thesis,wemeasuredO2production inmultiplemarinemicroalgae

exposed to concanamycin A (10 nM), a highly specific inhibitor of

VHA in all eukaryotes (FigureS1),which, at nanomolar concentra-

tions, does not affect ATPase synthase or P-type ATPases.9–14

Inhibition of VHA significantly decreased gross O2 production in

exponentially growing cultures of the centric diatomThalassiosira

pseudonana (�20% inhibition), the pennate diatom Phaeodacty-

lum tricornutum (�16%), the dinoflagellate Brandtodinium nutri-

cula (�20%), and the coccolithophore Emiliania huxleyi (�40%)

(Figure 1; Table S1). In contrast, concanamycin A did not affect

O2 production in the primary endosymbiotic green and red

alga, Chlorella protothecoides and Porphyrydium purpurneum,

respectively (Figure 1; Table S1). Although these algae do
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possess VHA that contributes to vacuole homeostasis and cyto-

solic pH regulation,15–17 their chloroplasts lack the additional

membranes that are typical of secondary and tertiary endosym-

biotic phytoplankton. Thus, the inhibitory effect of concanamycin

A on O2 production in diatoms, dinoflagellates, and coccolitho-

phores is likely due to inhibition of VHA in the additional mem-

branes of phagocytic origin that surround their chloroplasts.

Expression and subcellular localization of VHA in
T. pseudonana

We further explored this putative VHA-mediated mechanism in

T. pseudonana, a model diatom that can be cell cycle synchro-

nized by silicon starvation and re-addition to produce cultures

containing cells in semi-homogeneous physiological condi-

tions.18 The VHA is a holoenzyme protein complex that is

composed of 16 subunits, with a membrane spanning V0-

domain and cytosolic facing catalytic V1-domain (Figure 2A).
, June 19, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
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Figure 1. VHA contribution to O2 production

by marine microalgae

Gross O2 production in control (vehicle DMSO;

closed circles) and VHA-inhibited (concA = 10 nM

concanamycin A; open circles) cultures. Percent

reduction of O2 production between control and

VHA-inhibited cultures and p values are displayed

above dot plots.

Tp, T. pseudonana (centric diatom); Pt,

P. tricornutum (pennate diatom); Bn, Brandtodi-

nium nutricula (dinoflagellate); Eh, E. huxleyi (coc-

colitophore); Cp, C. protothecoides (green micro-

algae); Pp, P. purpurneum (red microalgae).

Error bars, SEM; n = 3 except Bn (n = 6); paired t

test: * p < 0.05; **p < 0.01; nd, no difference; ns, no

significant difference; scale bars: 5 mm.

See also Figure S1 and Table S1.
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Transcriptomic analysis of synchronized cultures of

T. pseudonana demonstrated constitutive mRNA expression

of all VHA subunits, suggesting that VHA is important

throughout the cell cycle (Figure 2B). However, the VHA

holoenzyme can have multiple subcellular localizations and

functions.19,20 In diatoms, VHA has been reported in the

membranes of vacuoles,21 chloroplast endoplasmic reticulum22

(cER), and silica deposition vesicles (SDVs), where it is

strictly required for biomineralization of the silica cell wall

and cell division.21,23 The complexity and functional versatility

of VHA are challenges for genetic manipulation approaches

that would constitutively destabilize multiple physiological

functions and confound phenotypic interpretation. They also

rule out the use of transcriptomics to infer the physiological

role(s) of VHA, as these analyses cannot not provide

information about the subcellular localization of the VHA

holoenzyme.

To better elucidate the mechanism by which VHA stimulates

photosynthesis, we first explored whether concanamycin A

affected variable chlorophyll a fluorescence yield. However,

the maximum quantum yield of photosynthesis (Fv/Fm) and elec-

tron transport rate (ETRPSII) were unaffected in VHA-inhibited

cells (Figures S2A and S2B), indicating that VHA acts indepen-

dently of photosynthetic light harvesting. Second, we wanted

to ensure that decreased O2 production with concanamycin A

was not due to the inhibition of the known role of VHA in silica

cell wall biomineralization.21 In silicon-starved T. pseudonana

where frustule formation is halted, we found that concanamycin

A still significantly inhibited O2 production (Figure S2C), proving

that VHA is independently involved in both cell wall synthesis and

photosynthesis.
2 Current Biology 33, 1–7, June 19, 2023
Decades ago, it was proposed that VHA

played role in transporting DIC for photo-

synthesis in secondary endosymbiotic

phytoplankton.4,5 If this is true, then

providing a source of additional CO2

should alleviate the effect of VHA inhibition

on photosynthesis. Indeed, bubbling

cells with 2% CO2 rescued O2 production

by T. pseudonana treated with concana-

mycin A, while having no effect on controls
(Figure S2D). We further sought to confirm that, in addition to O2

production, VHA contributed to carbon fixation and incorpora-

tion into individual T. pseudonana cells. Using nanoscale sec-

ondary ion mass spectrometry (NanoSIMS) after incubation

with 13C-labeled DIC enabled us to obtain isotope incorporation

data at the single-cell level (Figure S2E) and revealed that VHA

inhibition induced a �58% decrease in net photosynthetic

biomass accretion (Figure S2F). Additionally, we could observe

that carbon fixation was heterogeneous among cells, likely re-

flecting individual responses to different microscale gradients

and/or metabolic feedbacks.24

A comparable stimulatory effect of VHA on photosynthetic O2

production has recently been reported for photosymbiotic coral,6

anemone,8 and giant clam.7 In all cases, VHA is present in host

cellular membranes that interface with symbiotic algae, and

VHA-dependent acidification of themicroenvironment surround-

ing the algae contributes to a carbon-concentrating mechanism

(CCM).6 Thus, we hypothesized that VHA would be present in

intracellular membranes of endosymbiotic origin surrounding

the chloroplast. To establish the subcellular localization of VHA

in diatoms, we performed microscopy on live transgenic

T. pseudonana expressing EGFP-tagged VHA subunit B.21 Airy-

scan confocal microscopy allowed us to create 3D reconstruc-

tions that revealed the presence of VHA around chloroplasts

consistent with the cER or periplastid (PP) membranes (Fig-

ure 2C). This VHA localizationwas present throughout the cell cy-

cle, and in dividing cells, it co-occurredwith previously described

localization in SDVs. AlthoughAiryscan confocalmicroscopy can

provide 140 nm lateral resolution (sometimes referred to as ‘‘su-

per-resolution’’),25 the distance between the cER and PP mem-

branes is tens of nanometers26,27 apart; therefore, we were



Figure 2. Expression and subcellular localization of VHA in T. pseudonana

(A) Diagram of the VHA-holoenzyme complex.

(B) Transcriptomic profile of VHA subunits during G1 (cell-cycle arrest following silicon starvation; top), and G1-S-G2+mitosis (synchronous division following

silicon re-addition; bottom).

(C) 3D confocal images of EGFP-tagged VHAB around chloroplasts (yellow arrows) and silica deposition vesicles (blue arrows) at different cell-cycle stages; scale

bars: 5 mm.

See also Figures S2 and S3.
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unable to determine the precise localization of VHA in one or both

of these membranes. The small space between diatom chloro-

plast membranes also precluded measurements using pH-

sensing dyes because the signal overwhelmingly accumulated

in the thylakoid lumen, which is acidified during photosynthesis.

In the future, this could possibly be overcome using genetically

encoded ratiometric pH-sensitive sensors28 targeted to the

cER/PPmembranes andoriented toward theexternal chloroplast

microenvironment.

Nevertheless, VHA is a universal feature of eukaryotic cells and

is present in a number of organelles, including endosomes,

phagosomes, macropinosomes, lysosomes, Golgi, and melano-

somes.12 Since VHA invariably acidifies the lumen of each of

these organelles to pH % 6, we deduce that VHA in the cER/

PP membranes of T. pseudonana must accomplish a similar ef-

fect. This is significant, because at pH% 6.3, the majority of DIC

equilibrates to CO2.
29 Hence, we propose that VHA promotes
CO2 accumulation in the microenvironment external to the chlo-

roplast. Consistent with model simulations of DIC fluxes in the

diatom CCM,30 some of the CO2 would diffuse back into the

cytoplasm (pH � 7.2). However, the higher pH in the chloroplast

stroma (pH� 8.15) establishes a more favorable partial pressure

gradient for CO2 diffusion into this compartment (Figure S3B).

The next steps follow the established CCM of microalgae.31,32

In the stroma, CO2 is immediately hydrated into HCO3
� under

catalysis by carbonic anhydrase, which is shuttled into the thyla-

koid lumen where pH is% 6 due to H+ pumping associated with

photosynthetic electron transport chain. At the acidic pH,

HCO3
� dehydrates into CO2 and diffuses into the pyrenoid ma-

trix, saturating RuBisCo to maximize carbon fixation rates.

Altogether, our evidence supports the nearly 25-year-old hy-

pothesis that the additional intracellular membranes of second-

ary endosymbiotic phytoplankton are derived from the ancestral

‘‘food vacuole’’ that engulfed red algae and contain ‘‘proton
Current Biology 33, 1–7, June 19, 2023 3



Figure 3. VHA contribution to carbon fixation in T. pseudonana

Contribution of VHA to bulk 14C incorporation over the full range of oceanic irradiances, at three stages of growth, and at standard (1.92mM; black lines; n = 6) and

low (1.60 mM; red lines; n = 3) seawater DIC levels (dotted lines = 95% CI).

See also Figure S4 and Tables S2 and S3.
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pumps’’ that contribute to a CCM around the chloroplast to

enhance photosynthesis.4,5 That hypothesis also predicted

that secondary endosymbiotic phytoplankton must actively

take up HCO3
� from the environment, which has subsequently

been confirmed in diatoms through the molecular and functional

identification of SLC4 transporters in the plasmalemma.33,34

However, the ionic and pH regulatory mechanisms that drive

HCO3
� transport across the various intracellular membranes of

secondary endosymbiotic chloroplasts has remained elusive.31

Our results indicate that VHA activity is one of suchmechanisms,

although not necessarily the only one.

Ecophysiological significance of the VHA-mediated
diatom CCM
Lastly, we wanted to assess the significance of VHA-mediated

carbon fixation by T. pseudonana in various physiological states

and in response to a range of environmentally relevant levels of

light and DIC. This was accomplished by generating photosyn-

thesis versus irradiance (P-E)curvesusing the traditionalandhigh-

ly sensitive radioactive 14C isotope incorporation method35 over

1 h incubations. To capture the different physiological stages of

cells during a bloom,36 measurements were taken during early-,

mid-, and late-exponential growthphasesover 3daysof culturing.

To assess the broad range of oceanic irradiances resulting from

latitude, clouding, depth, and ocean mixing,37 P-E curves were

measuredandfitted from0 to1,600mmolphotonsm�2 s�1. Lastly,

to examine the response to rapid environmental DIC changes, in-

cubations were conducted at �2.0 mM (standard) and �1.6 mM

(low) environmental DIC-encompassing levels in the open ocean

and coastal environments affected by rainfall, ice melting, and

terrestrial freshwater inputs38–40 (Figure S4; Table S2).

In these experiments, VHA inhibition impaired carbon fixation

by at least 13.5% and as much as 52%. Under standard DIC, the

contribution of VHA to carbon fixation was relatively constant

across irradiances and rose from �15% on day 1% to �30%

on day 3 (Figure 3; black curves). This trend suggests that

T. pseudonana relies on VHA for maintaining photosynthetic

rates as competition for DIC increases with cell density. In as-

says carried out under low DIC, the contribution of VHA to car-

bon fixation also rose from day 1 to 3; however, it gained addi-

tional importance at irradiances under 500 mmol photons m�2
4 Current Biology 33, 1–7, June 19, 2023
s�1. Strikingly, at sub-saturating irradiances of <100 mmol pho-

tons m�2 s�1, the contribution of VHA to carbon fixation ap-

proached 40% on days 1–2 and surpassed 50% on day 3 of

culturing (Figure 3; red curves). Because the bulk of phyto-

plankton productivity in the ocean occurs at the deep chlorophyll

maximum (25–200 m depth) where irradiance is severely attenu-

ated,41,42 our results imply that VHA-mediated photosynthesis is

most relevant in diatom-dominated phytoplankton assemblages

where competition for DIC is high and light is limiting.

In summary, O2 production,
13C-NanoSIMS, and 14C-P-E mea-

surements demonstrated that VHA significantly contributes to

photosynthetic carbon fixation that is retained as biomass. Given

that diatoms contribute nearly 50% of carbon fixation in the

ocean,43,44 the component of photosynthesis that depends on

VHA represents between �7% and 25% of oceanic primary pro-

duction, or between 3.5 and 13.5 Gtons of fixed carbon per year

(Table S3). These numbers can only increase after accounting for

VHA-mediated photosynthesis in other secondary endosymbiotic

phytoplankton (Figure 1) and photosymbiotic invertebrates.6–8 In

addition, diatoms constitute about half of the biomass that sinks

into the ocean’s interior.1,45 Based on our measurements of the

contribution of VHA on both gross and net productivity in diatoms,

VHA-mediated carbon fixation is poised to significantly contribute

to the biological pump that shuttles organic carbon to the ocean’s

interior and, on a geologic time scale, to the biomass buried in the

continental margin that formed fossil fuel deposits.46 Even by the

most conservative estimate, the cooption of VHA for the enhance-

ment of photosynthesis is a symbiosis-derived evolutionary inno-

vation with global environmental implications.

Perspectives on VHA-enhanced photosynthesis across
marine photosymbioses
Engulfment of food particles by phagocytosis followed by lyso-

somal digestion is ubiquitously used by eukaryotic cells,3 pro-

tists,47 and invertebrate animals.48 Acidification by VHA, which is

conserved in all eukaryotes, is essential to these processes.20

The presence of VHA in the cER/PP membranes that surround

the chloroplasts of diatoms, as well as in the symbiosome mem-

brane that surrounds the endosymbiotic microalgae of coral6

and anemones,8 establishes clear structural and enzymatic links

between phagocytosis, endosymbiosis, and symbiogenesis



Figure 4. VHA-enhanced photosynthesis across marine photosymbioses

VHA in the photosymbioticmembrane interface promotes photosynthesis atmultiple stages of photosymbiotic integration: (1) the apicalmembrane of epithelial cells

of giant clam gut tubules hosting microalgae,7 (2) the symbiosomal membrane of coral gastrodermal cells hosting microalgae,6 and (3) the additional intracellular

membranes (cER,chloroplastendoplasmic reticulum;PP,periplastid)ofphagocyticorigin that surround thechloroplastsof secondaryendosymbioticphytoplankton.

Once CO2 enters symbiotic algae and chloroplast, it follows canonical CCMmechanisms toward the site of RuBisCo; for simplicity, these steps are not depicted.

Scale bars: 5 mm.
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(Figure 4). The symbiotic microalgae of giant clams are hosted in

the gut lumen and are therefore extracellular; however, they are

surrounded by the apical membrane of the gut epithelium, which

is also host-derived, contains VHA, and serves for fooddigestion.7

Interestingly, all of theseorganisms rely oncarbonic anhydrases to

transport DIC to serve as substrate for photosynthesis,49–51 and

these enzymes tend to be functionally coupled with VHA to acidify

intra- and extracellular compartments for diverse functions,19

including lysosomal52 and epithelial digestion.53 Moreover, active

acidification of a compartment will invariably displace the DIC

equilibrium toward CO2.
29 Therefore, enhancement of photosyn-

thesis by VHA is consistent with fundamental principles of acid-

base chemistry and cell biology.

The conserved role of VHA in enhancing photosynthesis in

diverse marine photosymbioses is an exciting case of conver-

gent evolution at the molecular level. Given the ubiquity of

VHA-driven phagocytosis, we would expect to find analogous

VHA-CCMs in other photosymbiotic protists and invertebrates.

However, integration of host and endosymbiont into a single or-

ganism additionally requires significant gene remodeling and

machinery to target and import proteins to the emerging organ-

elle, which are very complex processes, and it is therefore a ma-

jor constraint for symbiogenesis.47 Nevertheless, the co-option

of VHA from intracellular digestion to photosynthetic enhance-

ment confers obvious advantages to extant secondary endo-

symbiotic marine phytoplankton, particularly in competitive

DIC- and light-limited environments, which, in turn, has lasting

impacts on ocean carbon biogeochemical cycles. Since this

advantage is also evident in extant photosymbiotic inverte-

brates, we speculate it similarly applied to the ancestral hetero-

trophic protist(s) that engulfed red microalgae during the transi-

tional stages throughout endosymbiosis and symbiogenesis.
Therefore, VHA-enhancement of photosynthesis would have

provided both a trait for positive selection and an evolutionary

advantage over other phytoplankton in the low-CO2 Permian

oceans where secondary endosymbiotic phytoplankton began

their diversification and ecological dominance.4,5
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOUCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Culture and growth data

B Transcriptomics

B 3D Confocal Microscopy

B Oxygen measurements

B Pulse amplitude modulated fluorometry

B Nanoscale secondary ion mass spectrometry

B
14C photosynthesis versus irradiance curves

B P-E curve fitting and calculation of VHA contribution

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cub.2023.05.020.
Current Biology 33, 1–7, June 19, 2023 5

https://doi.org/10.1016/j.cub.2023.05.020
https://doi.org/10.1016/j.cub.2023.05.020


ll

Please cite this article in press as: Yee et al., The V-type ATPase enhances photosynthesis in marine phytoplankton and further links phagocytosis to
symbiogenesis, Current Biology (2023), https://doi.org/10.1016/j.cub.2023.05.020

Report
ACKNOWLEDGMENTS

Weare grateful for the help of Dr. Roshan Shresthawho provided plasmids and

assistance with cloning and transformations; Dr. Brian Palenik and Dr. Gio-

vanni Finazzi who provided oxygen measurement equipment; and Dr. Orna

Cook and Dr. Charlotte LeKieffre who provided microalgae cultures. Dr. Chris-

topher Hewes assisted with fluorometric chlorophyll measurements. Dr. Gar-

field Kwan, Angus Thies, and Dr. Eric Armstrong provided images for Figure 4.

Four reviewers and the journal editor provided valuable comments that helped

improve themanuscript. Work carried out by D.P.Y. was partially supported by

the National Institutes of Health Training Program in Marine Biotechnology

grant T32-GM067550, the IDEX project of the University of Grenoble Alpes,

and the European Molecular Biology Laboratory. The Arthur M. and Kate E.

Tode Research Endowment in Marine Biological Sciences (UCSD) provided

M.T. with essential equipment used in this project. Work at LLNL was per-

formed under the auspices of US Department of Energy Office of Science con-

tract DE-AC52-07NA27344.

AUTHOR CONTRIBUTIONS

Conceptualization, M.T. and D.P.Y.; methodology, D.P.Y., M.T., M.H., T.J.S.,

X.M., P.K.W., M.V., and B.G.M.; formal analysis, D.P.Y., M.T., R.M.A., T.J.S.,

X.M., and P.K.W.; investigation, D.P.Y., B.S., R.M.A., T.J.S., and M.T.; re-

sources, M.T., X.M., M.V., B.G.M., M.H., and J.D.; writing – original draft,

D.P.Y. and M.T.; writing – review & editing, D.P.Y., M.T., T.J.S., X.M.,

P.K.W., R.M.A., M.V., B.G.M., and J.D.; funding acquisition, M.T., D.P.Y.,

T.J.S., X.M., and P.K.W.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 19, 2022

Revised: March 20, 2023

Accepted: May 9, 2023

Published: May 31, 2023

REFERENCES

1. Falkowski, P.G., Katz, M.E., Knoll, A.H., Quigg, A., Raven, J.A., Schofield,

O., and Taylor, F.J. (2004). The evolution of modern eukaryotic phyto-

plankton. Science 305, 354–360.

2. Keeling, P.J. (2010). The endosymbiotic origin, diversification and fate of

plastids. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 729–748.

3. Saftig, P., and Klumperman, J. (2009). Lysosome biogenesis and lyso-

somal membrane proteins: trafficking meets function. Nat. Rev. Mol.

Cell Biol. 10, 623–635.

4. Lee, R.E., and Kugrens, P. (2000). Ancient atmospheric CO2 and the

timing of evolution of secondary endosymbioses. Phycologia 39, 167–172.

5. Lee Edward, R., and Kugrens, P. (1998). Hypothesis: the ecological advan-

tage of chloroplast ER – the ability to outcompete at low dissolved CO2

concentrations. Protist 149, 341–345.

6. Barott, K.L., Venn, A.A., Perez, S.O., Tambutt�e, S., and Tresguerres, M.

(2015). Coral host cells acidify symbiotic algal microenvironment to pro-

mote photosynthesis. Proc. Natl. Acad. Sci. USA 112, 607–612.

7. Armstrong, E.J., Roa, J.N., Stillman, J.H., and Tresguerres, M. (2018).

Symbiont photosynthesis in giant clams is promoted by V-type

H+-ATPase from host cells. J. Exp. Biol. 221, 1–7.

8. Barott, K.L., Thies, A.B., and Tresguerres, M. (2022). V-type H + -ATPase

in the symbiosome membrane is a conserved mechanism for host control

of photosynthesis in anthozoan photosymbioses. R. Soc. Open Sci. 9,

211449.
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Chemicals, peptides, and recombinant proteins

Concanamycin A Adipogen Cat #BVT-0237-M001

14C-NaHCO3 MP Biomedicals Cat #MP0117441H2

13C-NaHCO3 Sigma-Aldrich Cat #372382
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RNASeq for silicon
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This paper NCBI’s Gene Expression

Omnibus. Ascesion ID:

GSE203136 (https://www.

ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE203136)

RNASeq for silicon starved

T. pseudonana

Smith54 NCBI’s Gene Expression

Omnibus. Ascesion ID:

GSE75460 (https://www.

ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE75460)

Experimental models: Cell lines

T. pseudonana cell line

expressing Fcp-VHAB-EGFP

Yee et al.21 Tp-Fcp-VHAB-EGFP

Experimental models: Organisms/strains

Thalassiosira pseudonana Provasoli-Guillard National

Center for Culture of Marine

Phytoplankton

CCMP 1335

Phaeodactylum tricornutum Provasoli-Guillard National

Center for Culture of Marine

Phytoplankton

CCMP 632

Brandtodinium nutricula Roscoff Culture Collection RCC3387

Porphyridium purpurneum Provasoli-Guillard National

Center for Culture of Marine
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Emiliania huxleyi Provasoli-Guillard National

Center for Culture of Marine

Phytoplankton
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Chlorella protothecoides UTEX Culture Collection of

Algae
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Oligonucleotides

Tp-VHA-B Forward Gateway

cloning primer

Yee et al.21 DY1-16:

GGGGACAAGTTTGT
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AATGGCATCCCACGCA

GACGAAC

Tp-VHA-B Reverse Gateway

cloning primer

Yee et al.21 DY1-17: GGGGACCAC

TTTGTACAAGAAAGCT

GGGTTGTTCGATCCATC

TGCCTTGTTCAT

Recombinant DNA

Tp-Fcp-VHAB-EGFP BP Yee et al.21 Tp-Fcp-VHAB-EGFP BP

Tp-Fcp-VHAB-EGFP LR Yee et al.21 Tp-Fcp-VHAB-EGFP LR

Software and algorithms

Zen Blue Carl Zeiss Microscopy

GmbH
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O2view Hansatech Instruments N/A

Presens Measurement

Studio 2.0
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N/A

WinControl-3 Heinz Walz GmbH N/A

Prism 6 GraphPad https://www.graphpad.com

L’Image Limage https://limagesoftware.net

RStudio RStudio https://www.rstudio.com

Phytotools R-package Silsbe and Malkin55 https://cran.r-project.org/

package=phytotools
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel Yee

(daniel.p.yee@gmail.com).

Materials availability
Plasmids used for and transformed T. pseudonana expressing EGFP-tagged VHA subunit B cell line in this study will be shared by the

lead contact upon request.

Data and code availability

d RNA-seq data have been deposited at NCBI’s Gene Expression Omnibus and are publicly available as of the date of publica-

tion. Accession numbers are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead

contact upon request.

d This study did not generate new code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study used the following marine microalgae cell lines which were verified by their culture collection source. Thalassiosira pseu-

donana Hasle et Heimdale clone 3H CCMP 1335 (Provasoli-Guillard National Center for Culture of Marine Phytoplankton, Bigelow

Laboratory for Ocean Sciences). Phaeodactylum tricornutum strain CCMP 632 (synonymous with the genome-sequenced strain

CCMP2561). Brandtodinium nutricula stain RCC 3387; isolated from Collodaria in Villefranche-sur-Mer. Porphyridium purpurneum

strain CCMP1947. Emiliania huxleyi strain CCMP 1516. Chlorella protothecoides strain UTEX 25 (CCAP-211/7a).

Cultures of T. pseudonana (CCMP1335), T. pseudonana expressing EGFP-tagged VHAB,
21 P. tricornutum (CCMP632), E. huxleyi

(CCMP1516), P. purpurneum (CCMP1947), and C. protothecoides (CCAP-211/7a) were grown axenically in F/2 medium prepared

with seawater from the Scripps Pier. Inoculum cultures were maintained in 50 ml volumes in 125 ml Erlenmeyer flasks on an orbital

shaker under continuous illumination provided by cool-white fluorescent lamps at 70 mmol photonsm-2 s-1 at 18�C. Inoculum grown to

�2x106 cells ml-1 were used to inoculate 1 l bioreactor tubes bubbled with air and under continuous illumination by cool-white fluo-

rescent lamps at �100 mmol photons m-2 s-1 at 18�C at a starting density of 1x105 cells ml-1. Cultures of B. nutricula (RCC3387) were

grown in T25 tissue culture flasks (Falcon) with 25 ml of K2 medium prepared with seawater collected from Villefranche-sur-mer Ma-

rine Station. Cultures were inoculated at 4x104 cells ml-1 maintained at 70 mmol photons m-2 s-1 at 20�C without bubbling or agitation.

METHOD DETAILS

Culture and growth data
Daily measurements of cell count, chlorophyll content, pH, and total CO2 (TCO2) were collected over the duration of all culturing ex-

periments except forB. nutricula in which only cell counts and chlorophyll content was collected. Thesemeasurements were used to

calculate cellular chlorophyll content, specific growth rates, and carbonate chemistry. Cells were counted with a Neubauer hema-

cytometer chamber on a Zeiss inverted light microscope. Chlorophyll was measured on a Turner fluorometer following overnight
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extraction in 100%methanol at -20�C. Relative fluorescence units were recorded before and after the addition of two drops 0.1 N HCl

and total chlorophyll was calculated by the method described in Holm-Hansen et al.57 B. nutricula chlorophyll was measured using a

Multiskan SkyHigh Microplate UV-Vis spectrophotometer (Thermo Scientific) following overnight extraction in 100% methanol at

-20�C and calculated by the method described by Ritchie.58

Culture pH was measured using an UltraBASIC pH meter (Denver Instruments) equipped with an Orion glass pH electrode

(ThermoFisher Scientific) calibrated with NBS standard buffer. Total CO2 was measured using a Corning 965 Carbon Dioxide

Analyzer with technical duplicates taken between 10 mM NaCO3 standard measurements. Carbonate chemistry in the cultures

was calculated using CO2Sys_v2.156 by inputting salinity, temperature, pH and TCO2.

Transcriptomics
Transcriptomic datasets and analyses were performed as described in Yee et al.21 In brief, the VHA mRNA expression levels Frag-

ments Per Kilobase Million (FPKM) was acquired from transcriptomics analysis of RNAseq data collected from time-course exper-

iments at 7 timepoints throughout 24 hours of silicon starvation and at 9 timepoints over 9 hours following silicon replenishment from

biological duplicates of synchronized T. pseudonana cultures. The data discussed in this publication have been deposited in the

NCBI’s Gene Expression Omnibus59 and are accessible through GEO Series accession number GSE75460 and GSE203136.

3D Confocal Microscopy
T. pseudonana expressing VHAB-EGFP were loaded in 35 mm poly-d-lysine coated glass bottom dish and imaged with a Zeiss

LSM800/900 inverted confocal microscopes equipped with a Zeiss Plan-Apochromat 633 (1.4) Oil DICM27 objective, and Zeiss Air-

yscan super-resolution detector. Z-stacks were acquired tomonitor EGFP (Ex 488 nmwith 0.3% laser power, Em 509 nm, and detec-

tion 490-535 nm) and chlorophyll (Ex 488 nmwith 0.2% laser power, Em 667 nm, detection 450-700 nm) fluorescence. Z-stack acqui-

sition at�150 nm thickness intervals were used to generate 3D images and exported using the ZenBlue software package (Carl Zeiss

Microscopy GmbH).

Oxygen measurements
Individual cultures of T. pseudonana, P. tricornutum, E. huxleyi,C. protothecoides, and P. purpurneum grown in F/2 were maintained

in exponential growth in 1 l bioreactor tubes bubbled with air and under continuous illumination by cool-white fluorescent lamps at

�100 mmol photons m-2 s-1 at 18�C. Cultures were sampled over multiple days to obtain replicate measurements of oxygen produc-

tion rates. Replicate cultures of B. nutricula grown in K2 were maintained in exponential growth in T25 tissue culture flasks under a

12h light-dark cycle illuminated by cool-white fluorescent lamps at �70 mmol photons m-2 s-1 at 20�C were used to obtain oxygen

data. Similar culture procedures for culturing B. nutricula were used for T. pseudonana for obtaining oxygen data for 2% CO2

bubbling experiments. For measurement on silicon starved cultures, T. pseudonanawere grown to 1x106 cells/ml in K2 then washed

three times in silicon free ESAW (-Si) by centrifugation at 4,200x g for 10 minutes before being resuspended and incubated in ESAW

overnight.

Samples were pre-incubated with vehicle DMSO (control) or 10 nM concanamycin A (a highly specific of VHA9; Cat #: BVT-0237-

M001) for 10mins before measurement. For cultures grown in F/2, 1 ml of sample was used tomeasure oxygen on a Hansatech Oxy-

lab Clark-type electrode operated with O2view software (Hansatech Instruments) and illuminated at 1,000 mmol photons m-2 sec-1

with stirring in a water-jacketed chamber maintained at 18�C. For B. nutricula, 2 ml of sample was used to measure oxygen produc-

tion with an optical oxygen sensor operated with Presens Measurement Studio 2.0 (PreSens Precision Sensing GmbH) and illumi-

nated at 500 mmol photons m-2 sec-1 with stirring at room temperature (�20�C). For T. pseudonana CO2 rescue experiments, sample

was buffered with 50 mM HEPES pH 8.0 solution60,61 prior to bubbling for 3 minutes with air balanced 2% CO2 produced with a

GMS150 gas mixing system (Photon Systems Instruments). For T. pseudonana CO2 rescue and –Si experiments, 500 ml of sample

was used to measure oxygen in a WALZ KS-2500 water-jacketed chamber (Heinz Walz GmbH) paired with a FSO2-1 oxygen meter

and optical microsensor (PyroScience GmbH). Samples were illuminated at 625 mmol photons m-2 sec-1 with stirring at 20�C by a

MINI-PAM-II controlled by WinControl-3 software (Heinz Walz GmbH).

Net maximumO2 production wasmeasured by calculating the slope of O2 concentration over�10mins of illumination. Respiration

was calculated similarly over 1 min immediately after illumination. Gross maximum production was calculated by the equation:

O2gross = O2net -- respiration

O2 production rates were analyzed in Graphpad Prism 6 (GraphPad Software, La Jolla California USA) by paired two-tailed t-test

between control and concanamycin A treatments for each species. Oxygen production rates and P-values showing statistical sig-

nificance between paired treatments are summarized in Table S1. The T. pseudonana CO2 rescue experiments were analyzed by

2-way repeated measures ANOVA using ‘‘CO2 level’’ (air or 2% CO2) and ‘‘Drug’’ (DMSO or concanamycin A) as factors, which

yielded significant effects for the two factors and the interaction. The subsequent �Sidàk’s multiple comparison test revealed a sig-

nificant effect of 2% CO2 only in T. pseudonana treated with concanamycin A.

Pulse amplitude modulated fluorometry
Rapid light curves (30 second actinic light exposures; 300 ms saturating pulse) for electron transport rate through photosystem II

were collected on triplicate cultures of T. pseudonana pre-incubated with vehicle DMSO (control) or 10 nM concanamycin A.
e3 Current Biology 33, 1–7.e1–e5, June 19, 2023
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500 ml of sample was measured with stirring in a WALZ KS-2500 water-jacketed chamber maintained at 20�C by a Mini-PAM-II fluo-

rometer operated with WinControl-3 software (Heinz Walz GmbH).

Nanoscale secondary ion mass spectrometry
T. pseudonana cells grown in F/2 were harvested from 1l tube bioreactors at�1.6x106 cells/ml. Cells were washed and resuspended

in artificial seawater (ASW) medium62 at�1x106 cells/mL for stable isotope labelling. Incubations were carried out in 20 ml of culture

with 2 mM NaH13CO3 (Sigma-Aldrich Cat #: 372382) and vehicle DMSO or 10 nM concanamycin A (dissolved in DMSO) in 50 ml Er-

lenmeyer flasks in duplicate at 18�C under �500 mmol photons m-2 s-1 for 8h followed by addition of paraformaldehyde (3.7% final

conc.). Controls included a culture without NaH13CO3 (but with unlabeled NaHCO3) and a second culture where cells were fixed

for 30 min and 2 mM NaH13CO3 subsequently added. All samples were pelleted and resuspended in silica-free ASW+10% hydro-

fluoric acid on a rotating incubator overnight to strip the cell wall in order to eliminate charging of Si during SIMS analysis. Triplicate

washes in silica-free ASW were used to remove the acid before storage at 4�C.

One ml of sample was filtered onto 0.2 mm pore size white polycarbonate filters (Millipore, Billerica, MA). After drying, filters were

cut into �1/8 sections and placed onto an analysis bullet using adhesive and conductive tabs (#16084–6, Ted Pella, Redding, Cal-

ifornia) and sputter coatedwith�5 nmgold particles. A CamecaNanoSIMS 50 at Lawrence Livermore National Laboratory generated

isotope images by rastering the primary 133Cs+ ion beam (2 pA, �150 nm diameter, 16 keV) across 35 3 35 mm analysis areas with

2563 256 pixels and a dwell time of 1ms/pixel, for 25 scans (cycles). Prior to ion collection, analysis areas were sputtered with 90 pA

of Cs+ current to a depth of �60 nm to achieve sputtering equilibrium and optimal ionization of intracellular isotopic material. Mass

resolving power of the secondary ionmass spectrometer was tuned for�7,000 (corrected units) to optimally collect quantitative sec-

ondary ion images for 12C12C– and 13C12C� on individual electron multipliers in pulse counting mode, as previously described.63

Image data generated from the NanoSIMS were processed and analyzed using L’Image. Following dead-time and image shift

correction, 13C12C�/12C12C� ratio images were produced, revealing the level and location of 13C fixation into biomass from

H13CO3
� in T. pseudonana cells treated with DMSO or concanamycin A. Regions of interest (ROIs) were drawn around cells based

on their 12C14N- and d-13C enrichment, which together indicated the centric biomass shape of each cell (Figure S2E). From each ROI,

the 13C12C�/12C12C– ratios were extracted by cycle and averaged and then divided by two to calculate the 13C/12C ratio.64 The
13C/12C ratios were then used to calculate net algal biomass produced from C fixation over the 8 h incubation period for each

cell, called Cnet.
63

The NanoSIMS data were analyzed with Graphpad Prism 6 software and in RStudio. Values were checked for normality using

Kolmogorov-Smirnov tests. Statistical comparisons of C-fixation data were performed with unpaired t-test with Welch’s correction

to compensate for different standard deviations between the controls and treatment.

14C photosynthesis versus irradiance curves
Cultures of T. pseudonana grown in F/2 in 1 l bioreactor tubes bubbled with air and under continuous illumination by cool-white fluo-

rescent lamps at �100 mmol photons m-2 s-1 at 18�C. The control (with vehicle DMSO) and 10 nM concanamycin A treated P-E in-

cubations were performed over three days of batch culturing at standard DIC and low DIC relative to typical seawater levels

(Table S2). Standard DIC conditions are at levels from unmodified culture medium while low DIC was reached by titrating cultures

with 1M HCl and bubbling off excess CO2 with air just prior to the incubations.

Photosynthesis-Irradiance (P-E) incubations were carried out by incubating cells in a modified 14C bicarbonate incorporation tech-

nique described by Lewis and Smith.65 Experiments were carried out in four custom P-E incubators maintained at 18�C and at 18

discreet irradiances ranging from 0 to 1678 mmol photonsm-2 sec-1 illuminated by a 150W tungsten-halogen lamp. Discreetmeasure-

ments of total photosynthetically available radiation (PAR, 400-700 nm) were taken with a Spherical Micro Quantum Sensor US-SQS

(Heinz Walz, GmBH). For each P-E incubation, 100 ml of a 1 mCi NaH14CO3 (MP Biomedicals Cat #: MP0117441H2) solution was

added to 25 ml of diatom culture samples to reach a final concentration of 4 mCi ml-1. Spiked culture was aliquoted in 1 ml volumes

into 21 pre-chilled 7 ml borosilicate glass scintillation vials. Eighteen of these vials were illuminated for 1 h in the P-E incubator while

three remaining vials were immediately acidified with 150 ml of 12N HCl to drive off inorganic carbon and determine background ac-

tivity for time-zero (T0) samples. Three total radioactivity (TA) samples were generated by combining 50 ml of spiked culture with

200 ml of phenylethylamine (Sigma-Aldrich) topped off with 5 ml of Ecolite(+) scintillation cocktail (MP Biomedicals) and capped

immediately. Incubations were terminated after 1 h by switching off the lamps and adding 150 ml of 12N HCl to each vial. All acidified

samples were allowed to exhaust un-fixed DIC overnight in a fume hood and topped off with 5 mL of Ecolite(+) and capped the next

day for counting radioactivity on a Beckman Coulter LS6500 liquid scintillation counter.

Bulk carbon fixation rates (Pbulk; mg C l-1 hr-1) were calculated from disintegrations per minute (DPM) by the equation:

Pbulk = ðDPMsample

�
VolsampleÞ � ðW � VolTA =DPMTAÞ � ð1:05 =TÞ

Where DPMsample is the T0 corrected activity per sample, Volsample is volume of culture per sample, W is the DIC concentration of

the culture, VolTA is volume of culture in TA samples, DPMTA is the activity per TA sample, 1.05 is the discrimination factor between
14C and 12C uptake, and T is the time duration of the incubations.
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P-E curve fitting and calculation of VHA contribution
Pbulk was normalized by cell density to give cellular carbon fixation rates (P; fmol C cell-1 min-1) and 18-point curves were fit with the

equations by Platt et al.66 using the Phytotools R-package.55 Fitted curves were plotted from 0-1,600 mmol photons m-2 sec-1 and

averaged amongst the respective conditions (Figure S4).

Paired two-tailed t-test were carried out on averages of the curve fitting parameters Pmax (maximum cellular carbon fixation rate), a

(initial slope), and Ek (half-saturation constant of photosynthesis) between control and concanamycin A treatments using Graphpad

Prism 6. P-values showing statistical significance for each parameter are summarized in Table S2.

The contribution of VHA to P was calculated between control and concanamycin A treated average curve fits by the following

equation:

%VHA contribution =

�
Pcontrol � PconcA

Pcontrol

�
3100%

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism was used to carry out paired two-sided t-tests of oxygen production and carbon fixation between control and VHA-

inhibited samples, curve fitting on PAM rapid light curves for ETRPSII, and two-way repeated measures ANOVA of oxygen production

in the 2%CO2 experiment, as well as to calculate mean and standard error mean values of replicate data. Phytotools R-package was

used to fit and parameterize P versus E plots in RStudio. The NanoSIMS data were analyzed with Graphpad Prism 6 software and in

RStudio. Values were checked for normality using Kolmogorov-Smirnov tests. Statistical comparisons of C-fixation data were per-

formed with unpaired t-test with Welch’s correction to compensate for different standard deviations between the controls and treat-

ment. Carbonate chemistry in the cultures was calculated using CO2Sys_v2.1.56

Biological replicate number (n), standard error mean (SEM), confidence intervals (CI), and p-values are described in the figure cap-

tions or included within figures requiring statistical analysis. For bulk oxygen production and radioisotope carbon labeling experi-

ments, a minimum sample size of 3 was selected for all measurements in order to carry out paired t-test analysis between control

and treatment samples. For single-cell stable isotope carbon labeling experiments, sample size was based on availability of identifi-

able cells for analysis. Covariates in this study were between a given cell culture with vehicle DMSO or a pharmacological inhibitor

dissolved in DMSO; this experimental design cannot be (and does not require to be) randomized.
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