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Acidocalcisomes are membrane-enclosed organelles with acidic lumens that accumulate polyphos-
phate, often in granular form, and sequester calcium and metals. They carry a transmembrane
polyphosphate polymerase and two classes of proton pumps: H*-pyrophosphatases (H*-PPases) and V-
type ATPases. This report describes acidocalcisomes that were snap-frozen in living cells, primarily the
green alga Chlamydomonas reinhardtii, and then fractured and etched (QFDEEM). Polyphosphate gran-
ules prove to be uncommon in log-phase C. reinhardtii cells and abundant in stressed cells, where they
are also found within autophagy-related vacuoles. Their E (ectoplasmic) fracture face adopts a unique
rugose morphology with etching, and displays ~14 nm globular domains in broken cell preparations.
Using etched membrane morphology as a guide, acidocalcisomes were identified during assembly in
the trans-Golgi and were recognized in QFDEEM replicas of 18 additional algae and protists. Phyloge-
netic analysis documents that the eukaryotic gene encoding the signature acidocalcisomal H*-PPase
pump has homologues in three widespread eukaryotic clades and has been lost in opisthokonts and
Amoebozoa. The eukaryotic clades are related to three functionally diverged prokaryotic PPase pumps,
one of which transports Na*. Our data indicate that the Last Eukaryotic Common Ancestor (LECA)
encoded two bacteria-derived pumps and one Asgard-archaea-derived pump.
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Introduction

Polyphosphate is a polymer of three to hundreds of

phosphoanhydride (P ~ P) units (equivalent to the
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day organisms (Achbergerova and Nahalka 2011;
Kornberg et al. 1999; Moreno and Docampo 2013;
Rao et al. 2009). Pyrophosphate (P~ P or PPi),
when released from the polymer or when gener-
ated by anabolic reactions in the cytoplasm, can be
hydrolyzed by pyrophosphatases (PPase) to per-
form work; exo- and endopolyphosphatases also
catalyze the release of orthophosphate (Pi) from
polyphosphate polymers.

Phosphate homeostasis in algae, fungi, and
protists is closely intertwined with regulation of
polyphosphate levels (Wild et al. 2016; reviewed in
Azevedo and Saiardi 2017). Much of the phosphate
in oceans takes the form of polyphosphate, posited
to derive from marine organisms (Diaz et al. 2008),
although it may also have formed pre-biotically
(Rao et al. 2009), and plankton accumulates and
cycles polyphosphate in response to low phospho-
rous conditions (Martin et al. 2014). Polyphosphate
polymerization is catalyzed by a polyphosphate
kinase (PPK) in bacteria and in some unicellu-
lar eukaryotes (Blaby-Haas and Merchant 2017;
Brown and Kornberg 2004; Hooley et al. 2008),
and by polyphosphate-polymerase activity associ-
ated with the vacuolar transporter chaperone (VTC)
complex in yeast (Desfougeres et al. 2016; Hothorn
et al. 2009; Martinez et al. 2015) and in protists
and algae (Askoy et al. 2014; Blaby-Haas and
Merchant 2017; Fang et al. 2007; Ulrich et al.
2014) but not yet identified in animals or land
plants.

A widespread consumer of PPi is a
pyrophosphate-activated proton pump (H*-PPase)
(Au et al. 2006; Drozdowicz et al. 2003; Hsu et al.
2009; Kim et al. 1994; MciIntosh and Vaidya 2002;
Rea et al. 1992; Rodrigues et al. 1999; Schilling
etal. 2017; Segami et al. 2017; Serrano et al. 2007;
Shah et al. 2017; reviewed in Tsai et al. 2014).
The pump participates in acidifying the lumens of
land-plant vacuoles (Asaoka et al. 2014; Tommi
et al. 2013; Venter et al. 2006) and of organelles
called acidocalcisomes.

Acidocalcisomes (Vercesi et al. 1994) were
originally recognized because they harbor an inter-
nal polyphosphate granule (Docampo and Huang
2016; Docampo 2016; reviewed in Miranda et al.
2008). They were then found to acidify their
lumens to pH 5-5.5 using both the ubiquitous
V-type ATPase and the H*-PPase proton pump
(Scott and Docampo 2000), and to accumulate
calcium, potassium, and various cationic metals
and organic molecules via acid-dependent trans-
porters/exchangers (Hong-Hermesdorf et al. 2014;
Kaska et al. 1985; Klompmaker et al. 2017; Komine
et al. 2000; Penen et al. 2016, 2017; Ruiz et al.

2001a, b; Siderius et al. 1996; Steinmann et al.
2017; Vercesi et al. 1994).

The proteomes of acidocalcisomes isolated from
the red alga Cyanidioschyzon merolae and kine-
toplastids (Huang et al. 2014; Lee et al. 2007,
Yagisawa et al. 2009) also feature hydrolytic
enzymes and components of vesicular traffick-
ing pathways such as Rabs and SNAREs that
are involved in their biogenesis (Besteiro et al.
2008; Huang et al. 2011; Li and He 2014;
Niyogi et al. 2015); aquaporins have also been
identified (Montalvetti et al. 2004). Recently, solu-
ble inositol pyrophosphates, which regulate many
cellular activities (reviewed in Cordeiro et al.
2017), and an acidocalcisome-localized IP3 recep-
tor (Huang et al. 2013; Lander et al. 2016)
have been shown to participate in Ca®* home-
ostasis (reviewed in Ramakrishnan and Docampo
2018).

Acidocalcisomes have been implicated as impor-
tant or essential to the disease cycles of
trypanosomatid and apicomplexan parasites (Da
Silva and Beverly 2010; de Jesus et al. 2010;
Fang et al. 2007; Kohl et al. 2018; Li and He
2014; Luo et al. 2005; Moreno and Docampo
2009; Ruiz et al. 2004a) and as possible drug
targets (Docampo and Moreno 2008; Pinto-
Martinez et al. 2018). Until recently they were
thought to be restricted to algae and protists,
but acidic “lysosome-related organelles” with simi-
lar properties (polyphosphate and calcium storage
but lacking the H*-PPase pump) have been
reported in some animal cell types (Huizing et al.
2008; Ruiz et al. 2004b; Moreno-Sanchez et al.
2012; Muller et al. 2009; reviewed in Morrissey
et al. 2012), and the yeast vacuole has been
referred to as acidocalcisome-like (Gerasimaite
and Mayer 2017) even though it too lacks the H*-
PPase.

Unlike most ubiquitous eukaryotic organelles,
acidocalcisome ultrastructure is poorly described
because it is poorly preserved using fixa-
tion/dehydration protocols (Docampo et al. 2005).
Reported here is a detailed ultrastructural analy-
sis of the acidocalcisome, largely in the eukaryotic
green alga Chlamydomonas reinhardtii but also
in 18 additional algae and protists, using living
cells snap-frozen at liquid helium temperatures,
subjected to freeze-fracture, deep-etching (surface
water sublimation under vacuum), and platinum
rotary-replication, and viewed by transmission EM
(QFDEEM) (Heuser 2011).

We document that acidocalcisomes display a
unique membrane ultrastructure when viewed by
QFDEEM. The concave half-membrane contigu-
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Figure 1. Acidocalcisome thin sections. Freeze-substituted sta6 cells 30 h N-starve from stationary phase. (A)
Cell survey. Polyphosphate granules are black. LB, lipid body; P, pyrenoid; cp, chloroplast; m, mitochondrion; G,
Golgi. Arrows: two granules likely enclosed in a vacuole; asterisks: close association of acidocalcisomes and
mitochondria. Bar, 500 nm. Inset: Two “twin” acidocalcisomes showing the amorphous material in their lumens.
Bar, 200 nm. (B). Three acidocalcisomes left under electron beam in the TEM for several minutes, causing
the granules to “fry” and bubble. The inclusion in the double decker (dd) acidocalcisome is not affected. Bar,

200 nm.

ous to the cytoplasm (the P fracture face) carries
a dense population of small intramembranous par-
ticles (IMPs), while the convex half-membrane
contiguous to the lumen (the E fracture face) is
smooth in the absence of etching and becomes
distinctively rugose when exposed to etching.
The E-face rugosities differentiate into clusters
of ~14-nm globular profiles in broken/fractionated
preparations of C. reinhardtii cells. This distinc-
tive freeze-fracture membrane morphology has
permitted identification of acidocalcisomes being
assembled in the trans-Golgi and in a wide vari-
ety of algae and protists. We also report that in
C. reinhardtii, polyphosphate granules are largely
restricted to the acidocalcisomes of stressed cells,
where they also become included in autophagy-
related vacuoles.

Finally, we expand previous phylogenetic anal-
yses of the signature H*-PPase pump (Kellosalo
et al. 2007; Luoto et al. 2011; Medeiros et al. 2011;
Perez-Castineira et al. 2002; Seufferheld et al.
2011). We document three widespread eukary-
otic PPase clades, two of which have apparently
derived from bacteria and one from archaea.

Results

Frozen Thin-sectioned Acidocalcisomes

Figure 1A shows thin sections of C. reinhardtii
sta6 cells, starved for nitrogen (N) for 30h from
stationary phase, that were snap-frozen and freeze-
substituted with OsQ4. The sections are sufficiently
thick to retain the electron-dense polyphosphate
granules that otherwise tend to fall out due to incom-
plete plastic infiltration (Armbrust et al. 1995; Da
Silva and Beverly 2010; Docampo et al. 2005;
Kaneko et al. 2007). Figure 1B shows, as previously
observed (Ruiz et al. 2001a), that these granules
vaporize with exposure to the electron beam, as do
the contents of lysosome-related organelles (Ruiz
et al. 2004b).

As detailed in later sections, granules are promi-
nent in the acidocalcisomes of C. reinhardtii cells
that have entered stationary phase and/or are sub-
jected to stresses such as N-withdrawal. They are
also found within vacuoles in stationary/stressed
cells. Distinguishing acidocalcisomes from vac-
uoles, while straightforward in QFDEEM replicas
using membrane fracture-face morphology as a
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guide, is difficult in thin sections, but since multi-
ple granules have never been observed in fractured
acidocalcisomes but are often observed in fractured
vacuoles, the double-granuled organelles denoted
with arrows in Figure 1A are likely to be vacuoles.

Acidocalcisomes are occasionally contiguous to
one another (Fig. 1A inset), a configuration we des-
ignate as “twins,” and are often contiguous to other
organelles as well, most commonly mitochondria
(Fig. 1A, asterisks; Supplementary Material Fig.
S1A), as has also been noted in Trypanosoma bru-
cei (Ramakrishnan et al. 2018).

Cross-fractured Acidocalcisomes:
Granules and Other Internal Content

Figure 2 and Supplementary Material Figure S1D
show acidocalcisomes from snap-frozen un-fixed
C. reinhardltii cells that were cross-fractured, deep-
etched, and Pt-replicated to reveal their granules
(g) and internal content (i). The granules, rang-
ing in size from 200-600 nm, are either smooth
(Fig. 2A, E, G-l), pockmarked (Fig. 2B, F) or layered
(Fig. 2C-D), where the irregularities may be native
or generated during the fracturing process. The
internal content consists of heterogeneous mate-
rial that is similar in texture to the proteinaceous
interiors of other organelles such as the mitochon-
drial matrix. Cross-fractured acidocalcisomes are
uncommon: the fracture plane usually travels within
the plane of the acidocalcisome membrane and
around any internal granule.

Cross-fractured Acidocalcisomes:
“Double-decker” Variants

Figure 3 and Supplementary Material Figure S1C
show acidocalcisomes that we call “double deck-
ers,” possessing both a polyphosphate granule
and a second round, fluffy inclusion (fi). Figure 1B
includes such a variant (dd) in thin section; notably,
the inclusion does not froth with electron-beam
exposure like the polyphosphate granule, indicating
that it is not composed of inorganic salt. Inter-
nal membrane profiles (im) are commonly included
within double deckers. Double deckers are far less
frequently encountered than granule-only acidocal-
cisomes.

Acidocalcisome Membrane Interior:
P-face

Figure 4A-C shows “twin” acidocalcisomes (cf
Fig. 1A inset) where the fracture plane has exposed
the P-face (the half-membrane contiguous to the
cytoplasm) of the upper organelle and the E-face

(the half-membrane contiguous to the lumen) of the
lower organelle, illustrating their very different ultra-
structure. Figure 4D illustrates that at least in some
cases, the twins may be interconnected by a shared
membrane bridge.

Figures 5 and 6 and Supplementary Material Fig-
ures S1B and S2 present additional micrographs of
acidocalcisomal P-faces (see also Robinson et al.
(1998), figs 6 and 7). When fractures follow the
deep concave configuration of the membrane (Fig.
5A; Supplementary Material Figs. S1B and S2),
intramembranous particles (IMPs) are poorly high-
lighted by rotary-shadowing. More planar views
(Fig. 5B) reveal numerous small IMPs, presum-
ably representing trans-membrane protein domains
(Severs 2007).

The P fracture faces in Figures 4, 5A and B and
Supplementary Material Figures S1B and S2 were
subjected to deep-etching, which generates irreg-
ular “pits” (arrows) that are created when an IMP
is pulled into the opposite E-face during fracture,
leaving a hole that enlarges with water sublima-
tion. Such pits are absent when the P-face is not
etched (Figs 5C, 6B and D) or lightly etched (Figs
5D, 6A and C). The IMPs range in density from
tightly packed (Figs 4B, 5B, C, 6C-D) to more dis-
persed (Figs 4A, C, 5D, 6A), and they may line up
in linear or curved arrays (Figs 4C, 5C-D).

Acidocalcisome Membrane Interior:
E-face

The ultrastructure of the E-faces of C. reinhardltii
acidocalcisomes is uniquely sensitive to deep-
etching. Figure 6A and C shows lightly-etched
E-faces, and Figure 6B and D shows non-etched
E-faces. In all cases, the faces are smooth, with a
modest endowment of large IMPs. Figure 7A and B
shows uncommon examples of deep-etched spec-
imens where a smooth fracture face is retained but
transitions into a rugose morphology, and Figures
2,4,7C-G, and Supplementary Material Figures S1
and S2 show the fully rugose morphology that is
displayed in most deep-etched samples. Figure 8A
and B shows a rare example of a smooth E-face
transitioning into discrete worm-like domains which,
we propose, proceed to collapse into the full rugose
configuration. Collectively, these images indicate
that the E-face morphology of the acidocalcisome
is distinctively sensitive to the etching process.
Deep-etched E-faces often also display a flat-
tened rim (R) around the periphery (Fig. 7C-QG)
which is not observed in non-etched profiles.
Rims are also occasionally observed in deep-
etched concave P-face profiles (Fig. 5A). Possibly
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Figure 2. Cross-fractured acidocalcisomes. g, polyphosphate granule; i, internal lumen content; E, E-fracture
face of acidocalcisome membrane; ce, chloroplast envelope. (A) cw15 48 h N-starve from log phase. Bar,
100nm. (B) sta6 30h N-starve from stationary phase. Bar, 100nm. (C) sta6 12h N-starve from stationary
phase. Bar, 100 nm. (D) sta6 12h N-starve from stationary phase. Bar, 200nm (E) sta6 12h N-starve from
stationary phase. Bar, 200 nm (F) sta6 48 h N-starve from log phase no acetate. Bar, 500 nm. (G) sta6 12h
N-starve from stationary phase. Bar, 200 nm. (H) Wild-type stationary phase (7-day agar plate). Bar, 100 nm.

() sta6 8 h N-starve from log phase. Bar, 500 nm.

this structure represents the etched cytoplasmic
domains of the pumps and transporters that asso-
ciate with acidocalcisomes.

Globular Domains in the Acidocalcisome
E-face

Figure 8C and D show the sole example encoun-
tered in this study where the smooth E-face of a
native acidocalcisome displays distinctive globular

domains, with central depressions, that are ~17 nm
in diameter, or ~14 nm in diameter after subtracting
the 3nm of platinum added during rotary replica-
tion. This image derives from a QFDEEM sample
of the colonial green alga Botryococcus braunii
(Weiss et al. 2012); comparable domains have not
been recognized in native C. reinhardtii acidocalci-
somes.
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Figure 3. Double deckers. Cross-fractured double-decker variant of the acidocalcisome showing polyphos-
phate granules (g) and fluffy inclusions (fi). E, E-fracture face of acidocalcisome membrane; im, internal
membrane; LB, lipid body. (A) sta6 30 h N-starve from stationary phase. Bar, 100 nm. (B) sta6 30 h N-starve
from stationary phase. Bar, 100 nm. (C) Complemented sta6 48 h N-starve from log phase. Bar, 200 nm. (D)

sta6 30 h N-starve from stationary phase. Bar, 100 nm.

When, however, log-phase C. reinhardtii acido-
calcisomes were visualized after cell breakage into
a solution containing digitonin and mannitol (see
Methods), many E-faces display not only rugose
regions but also closely packed arrays of globular
domains (Fig. 9), with central depressions, ~17 nm
in diameter or ~14nm when platinum coating is
subtracted, that may correspond to those seen in
B. braunii. In many regions the globular arrays
are apparently confluent with the rugose domains,
consonant with the hypothesis that they represent
two configurations of the same materials. No such
globular domains were evident in the E-faces of aci-
docalcisomes isolated from stationary-phase cells
in a second experiment; whether this reflects tech-

nical variation or a difference in the membranes
under these two growth conditions will require addi-
tional experimentation. The membranes of all other
organelles in the broken preparations retain their
in situ morphology, notably the F-type pump-laden
mitochondrial cristae (Supplementary Material Fig.
S3).

Acidocalcisome Biogenesis at the
trans-Golgi

Figure 10A-E shows acidocalcisomes being
assembled at the trans-face of the Golgi in C.
reinhardtii, where small vesicles occasionally
appear to be fusing with the organelle mem-



Acidocalcisomes in Microbial Eukaryotes 293

Figure 4. “Twin” acidocalcisomes. P, P-fracture face; E, E-fracture face; g, polyphosphate granule; ce, chloro-
plast envelope; small arrows, P-face pits. Bars, 100 nm. (A) Wild-type 24 h N-starve from log phase. (B) cw15
log phase. (C) cw-15 stationary phase (7-day agar plate). (D) Two acidocalcisome P-faces connected by a

bridge (large arrow).

brane (Fig. 10D and E, asterisks). Comparable
images have been obtained in Chlamydomonas
monoica (Fig. 10F) and the trypanosomatid T.
brucei (Fig. 10G). Acidocalcisomes associated
with the Golgi are smaller than most of those
localized elsewhere in the cytoplasm; nothing
is known about how they increase in size. One
cross-fractured Golgi-associated acidocalcisome
reveals an internal granule (Fig. 10E), indicating
that granule and organelle biogenesis can be
concurrent.

Granule Formation is Stimulated by Stress
Conditions in C. reinhardtii

Log-phase C. reinhardtii cells produced abun-
dant acidocalcisomes (e.g. Figs 5, 6, 7D-G, 10D-E),
as recognized by the ultrastructure of their fractured
membranes, but we have found only one example of
a polyphosphate granule within the acidocalcisome
of alog-phase cell (Fig. 4B). All of our other images
of granule-containing acidocalcisomes come from
cells that are under stress — they are either enter-
ing or in stationary phase or have been subjected
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Figure 5. P fracture faces of acidocalcisomes. E, E-fracture face; R, rim; arrows, pits. Bars, 100 nm. (A) sta6
log phase, deep-etch. (B) cw15log phase, deep-etch. (C) sta6log phase no-etch. (D) sta6log phase light-etch.

to N-starvation (Figs 1-4 and 10, Supplementary
Material Fig. S1). Hong-Hermesdorf et al. (2014)
and Askoy et al. (2014) similarly note that granules
are absent from log-phase and present in stressed
Zn-deprived and sulfur-deprived cells respectively,
and in other EM reports where granules are illus-
trated, cells were fixed in stationary phase (Komine
et al. 2000), “late-log/exponential phase” (Gal et al.
2018; Penen et al. 2016, 2017; Ruiz et al. 2001a)
— i.e. entering stationary phase — or N-starved
(Siderius et al. 1996).

When sta6 cells were N-starved for 48h and
then transferred to N-containing media and sam-
pled after 12 or 17 hours, smooth-edged granules
were present in the starved sample but absent from
the N-supplemented samples, indicating that the
granules can be resorbed when stress is allevi-

ated. Candidate images of this process are shown
in Supplementary Material Figure S4. Some acido-
calcisomes contained granules with irregular edges
(Supplementary Material Fig. S4A and B), possibly
illustrating the dissolution stage. Others contained
homogeneous material (Supplementary Material
Fig. S4C-D), possibly corresponding to polyphos-
phate in a gel configuration (see Discussion);
similar homogeneous material, apparently contin-
uous with aggregated internal content, is present
in a log-phase non-etched sample (Supplementary
Material Fig. S4E). Others contained only aggre-
gated material (Supplementary Material Fig. S4F
and G), possibly corresponding to polyphosphates
in a sol configuration (see Discussion) that have
coalesced during the etching process. In some
log-phase acidocalcisomes, a puddle of gel-like
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Figure 6. E fracture faces of acidocalcisomes. Light-etch (A and C) and no-etch (B and D) acidocalcisomes in
sta6 log phase cells. Figure D shows a “twin.” P, P-face. Bars, 100 nm.

material remains in the interior after etching (Sup-
plementary Material Fig. S4H).

In Stressed Cells, Granules are Found
Within Both Vacuoles and
Acidocalcisomes

The cytoplasmic vacuoles of log-phase C. rein-
hardtii cells are small, usually round, and devoid
of granules or membranous material (Fig. 11 and
Supplementary Material Fig. S5C). Their P fracture
faces (Fig. 11A and C) contain small tightly-packed
IMPs resembling acidocalcisome P-faces, but their
deep-etched E-faces (Fig. 11B) are flat with numer-
ous irregular pits that are readily distinguished
from the rugose E-faces of acidocalcisomes. When
cells are grown in phosphate-buffered media the
log-phase vacuole contents are finely particu-
late (Supplementary Material Fig. S5C) or fibrillar
(Fig. 11A), whereas when grown in Tris-buffered
media they also contain long fibers, of unknown eti-
ology or composition (Fig. 11C and Supplementary

Material Fig. S5A and B), which persist in the vac-
uoles of N-starved (Martin and Goodenough 1975)
and stationary-phase (Supplementary Material Fig.
S5A and B) cells.

Stressed C. reinhardtii cells contain several
vacuolar populations, where a full report is in
preparation. Relevant here are vacuoles contain-
ing polyphosphate granules as well as membrane
fragments and other cellular debris, indicating
that they are autophagy-related. Figure 12 and
Supplementary Material Figure S5D-F show rep-
resentative images; an example is also provided
in Goodenough et al. (2014, fig. 3), where we
also document increased expression of autophagy-
related genes with N-starvation. Autophagy-related
vacuoles are distinguished from acidocalcisomes
by four criteria: a flat/pitted rather than a rugose
E-face (Fig. 12A and B; Supplementary Material
Fig. S5E); the common inclusion of more than one
granule (Fig. 12A-D; Supplementary Material Fig.
S5F); the common presence of membranous debris
(Fig. 12E; Supplementary Material Fig. S5D and
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Figure 7. E fracture faces of acidocalcisomes. R, rim; m, mitochondrion. Bars, 100 nm. A) sta6 2h N-starve
from log phase. (B) Complemented sta6 48 h N-starve from log phase. (C) sta6 48 h N-starve from log phase, no
acetate. (D) cw15log phase. (E) sta6 48 h N-starve, 8 h N-replete. (F) cw15 log phase. (G) sta6 48 h N-starve,

8 h N-replete.

E; fig. 3 of Goodenough et al. 2014); and usually
a much larger and more irregular size and shape.
Figure 12D shows a stationary-phase vacuole from
a Tris-buffered cell containing both a granule and
the long fibers that also mark their log-phase vac-
uoles, indicating that the same class of vacuole
lacks granules during growth and acquires granules
with stress.

Expression Levels of
Acidocalcisome-related Genes under
Stress

Several studies have documented that autophagy-
related genes are up-regulated by stress in C.
reinhardtii (Goodenough et al. 2014; Pérez-Pérez
et al. 2012; Ramundo et al. 2014; Schmollinger
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Esmooth

Figure 8. E fracture faces of acidocalcisomes. (A) Candidate “worm” stage of transition from smooth to rugose
morphology of etched acidocalcisome E-face; P, P face; g, granule in twin acidocalcisome. cw15 stationary
phase. Bar, 200 nm. (B) Second example of “worm” configuration. cw15 stationary phase. Bar, 100 nm. (C)
Acidocalcisome of Botryococcus braunii. E, smooth E-face; R, rim; arrow, globular domains within the E-face.
Bar, 100 nm. (D) Enlargement of globular domains in (C). Bar, 50 nm.

et al. 2014). To ask whether acidocalcisome-
associated genes also follow this pattern, we
monitored the expression levels of two genes under
two stress conditions: N-starvation and entrance
into stationary phase. The results are shown in
Supplementary Material Table S1. Levels of VTC1
expression, a subunit of the VTC complex that also
includes the polyphosphate polymerase subunit
VTC4, remained relatively stable under both con-
ditions, as Askoy et al. (2014) have also observed
in S-starved cells. By contrast, levels of AVP1 tran-
scripts, encoding the H*-PPase, decreased 2-4
fold.

Conservation of Acidocalcisome
Membrane Morphology in Algae and
Protists

Supplementary Material Figures S6-S8 show can-
didate acidocalcisomes from a variety of unicellular
eukaryotes. In each case, the organelles were
identified by one or more of the features that
characterize the deep-etched acidocalcisomes of
C. reinhardtii: 1) a concave P-face with a dense
population of small IMPs and occasional rims; 2)
a convex E-face with a smooth — rugose mem-
brane and frequent rims; and 3) exposure of a
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Figure 9. Cell-free acidocalcisomes. C. reinhardtii sta6 log-phase cells lysed via digitonin/osmotic shock into
a mannitol (man) solution, exposing globular domains in the E face. R, rim. Bars, 100 nm.

granule. The 18 species surveyed represent most
of the unicellular eukaryotic photosynthetic radi-
ations as well as an apicomplexans (Neospora
caninum), an “excavate” amoeba (Naegleria gru-
beri), and an “excavate” trypanosomatid ( T. brucei).
As expected, no candidates were identified in the

fungi Saccharomyces cerevisiae or Cryptococcus
neoformans. While the P-faces are strikingly similar
in all the organisms examined, the etched E-faces
are far more variable in morphology, mirroring their
variability in C. reinhardfii.
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Figure 10. Acidocalcisomes assembling at trans-Golgi face. C. reinhardtii (A-E), Chlamydomonas monoica (F)
and Trypanosoma brucei (G). g, polyphosphate granule; R, rim; asterisks, Golgi vesicles fusing with acidocalci-
some; arrow, clathrin-coated vesicle. Bars, 100 nm. (A) Rugose E-face, sta6 48 h N-starve from log phase, 8 h
N-replete. (B) Smooth E-face, 48 h N-starve, 17 h N-replete. (C) P-face, cw15 30 h N-starve from log phase. (D)
P-face, sta6log phase light-etch. (E) Rugose E-face with granule and fusing golgi vesicles, cw15 96 h N-starve.
(F) Rugose E-face. (G) P-face.



300 U. Goodenough et al.

Figure 11. Log-phase vacuoles. (A) Vacuole interior of log-phase sta6 grown in P-buffered medium showing
granular interior contents and small IMPs of P-face. Bar, 500 nm. (B) Pitted E-face of vacuole from log-phase
sta6. Bar, 500 nm. (C) Vacuole interior of log-phase sta6 grown in Tris-buffered medium showing fibers in the
interior and small IMPs of P-face. Mito, mitochondrion. Bar, 100 nm.

Acidocalcisomes are encountered more fre-
quently in some organisms than others, but since
only C. reinhardtii was sampled heavily, and most
organisms were harvested from a single growth
condition, sampling may have been biased. The
organelles are of a similar size (400—600nm) in
most species but are uniformly small (~200 nm) in
T. brucei procyclic forms (Supplementary Material
Fig. S9).

Seufferheld et al. (2003, 2004, 2011) report
that polyphosphate granules in several bacteria
are surrounded by a membrane, and suggest
that acidocalcisomes have an ancient bacterial
origin (reviewed in Grant et al. 2018). Sup-
plementary Material Figure S10 shows cisternal
membrane cross-sections (A) and vesicular mem-
brane fracture faces (B) within one of these
bacteria, Agrobacterium tumefaciens; such internal
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Figure 12. Autophagocytic vacuoles containing polyphosphate granules. E, E-face; g, polyphosphate
granule; m, membranous material. (A) sta6 96 h N-starve from log phase. Bar, 250 nm. (B) sta6 10 days N-
starve from log phase. Bar, 250 nm. (C) sta6 10 days N-starve from log phase. Bar, 200 nm. (D) sta6 grown in
Tris-buffered media, stationary phase. Bar, 200 nm. (E) sta6 stationary phase. Bar, 250 nm.

membrane profiles are not evident in numer-
ous other bacteria imaged in our laboratory. No
cross-fractured images containing granules were
encountered, albeit these are also infrequently
encountered in eukaryotes.

Phylogenetics of the
Acidocalcisome-resident H*-PPase Pump

Given our ultrastructural evidence for a widespread
distribution of acidocalcisomes, we undertook
an in-depth analysis of 86 eukaryotic PPase
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sequences from numerous radiations, using the C.
reinhardtiihomolog (Cre09.9g394436) of EC 3.6.1.1
in a BLAST search supplemented with searches
of individual genomes/transcriptomes. Supplemen-
tary Material Tables S2 and S3 present the data,
Supplementary Material Figure S11 shows our
sequence alignments, and Figure 13 shows a tree
generated from a maximum-likelihood analysis of
these alignments.

The usual range of E-values is <1079, reflect-
ing the very strong conservation throughout the
15-16 transmembrane domains and the cytoplas-
mic/interior loops (Supplementary Material Fig.
S11). Indeed, when we constructed trees using
just the transmembrane or just the loop domains
(following the topology predicted in McIntosh and
Vaidya (2002)), we obtained the same tree config-
uration as with the whole protein.

We confirmed the prior report of two gene/pump
“subclasses” in eukaryotes (Mclntosh and Vaidya
2002), and detected a third subclass in genomes
that the earlier study did not query. We designate
these eukaryotic subclasses as Clades 1-3 (Fig. 13

).

Further analyses were informed by an important
study by Luoto et al. (2011). They distinguished
prokaryotic (bacterial and archaeal) PPase pumps
as being either K*-independent (four clades, des-
ignated P1-P4 in Fig. 13) or K*-dependent (four
clades, designated PA-PD in Fig. 13, with clade D
differentiating into subclades PD1-PD3). They fur-
ther documented, using in vitro assays, that three of
the six K*-dependent groupings (PB, PC, and PD1)
encode Na* pumps and not H* pumps. Their data
indicate that the K*-independent pump was ances-
tral and that the K*-dependent H*-pump evolved
from the K*-dependent Na*-pump. The few eukary-
otic PPases queried in their study were found to be
homologous to either the K*-independent P3 group
or the K*-dependent PD3 group.

Using their sequence criteria for pump classifica-
tion (amino-acid positions #478-481; Supplemen-
tary Material Fig. S11), we found that our Clade
1 genes are homologous to the prokaryotic K*-
dependent H*-PPases, most closely to the PD3
group; our Clade 2 genes are most closely related
to the prokaryotic K*-independent H*-PPases; and
our Clade 3 genes are most closely related to the
prokaryotic K*-dependent Na*-PPases (an activity
that has not yet been demonstrated experimentally
in eukaryotic studies).

We also queried five PPases from the Asgard
archaeal group that is reported to have eukary-
otic features (Zaremba-Niedzwiedzka et al. 2017).
All were scored as K*-independent, and one,

0OLS24026, clusters with the eukaryotic K*-
independent Clade 2 (Fig. 13, red asterisk) with
very strong support.

Homologs of all three clades are present in all
the major eukaryotic super groups queried (Sup-
plementary Material Table S2), suggesting that all
were present in the LECA genome, but there is no
obvious phylogenetic pattern in their modern distri-
bution (Fig. 13 and Supplementary Material Table
S2).

Of the eukaryotic genomes queried, 42% encode
only one PPase, 34% encode two, and 24%
encode three to five, where a given clade may
have more than one representative per genome
(Supplementary Material Table S2). For exam-
ple, Supplementary Material Figure S12 shows
alignments of the five genes encoded by the
green prasinophyte Cymbomonas, with three simi-
lar Clade-1 sequences and distinctive Clade-2 and
Clade-3 sequences.

Using the phylogenetic tree of Brown et al.
(2018) for taxonomic reference, the PPase
sequence is absent from Amoebozoa and from
the opisthokont branch of Obazoa (e.g. Fontic-
ula (a non-Amoebozoan cellular slime mold),
Salpingoeca and Monosiga (choanoflagellates),
Capsapora (Filasterea), and Sphaeroforma
(Ichthyosporea)). It is, however, present in the
two other branches of Obazoa: Apusomonada
(Thecamonas trahens and Amastigomonas
sp) and Breviatea (Pysguia biforma). It is
also present in two radiations posited to have
branched between the root of the eukaryotic tree
and Obazoa+Amoebozoa: Malawimonadidae
(Gefionella okellyi; Heiss et al. 2018), and Ancy-
romonadida (Ancyromonas sigmoides; Brown
et al. 2018). QFDEEM images of candidate acido-
calcisomes have been found in the apusomonad
Chelonemonas (Goodenough and Heiss, unpub-
lished). Hence the PPase pump, and likely the
acidocalcisome, appears to have been lost in the
opisthokonts and the Amoebozoa, albeit, as noted
in the Introduction, “lysosome-related organelles,”
lacking the pump, have been identified in several
animals.

Homologs are present in the Discoba branch
of the “excavates” (Naegleria, Trypanosoma,
Euglena) and in one member of the Metamonada
branch (Trimastix marina), but none were detected
in two other metamonads (Giardia lamblia and Tri-
chomonas vaginalis), presumably due to gene loss.

The absence of the gene from queried Amoe-
bozoa, including two Dictyostelium species (Sup-
plementary Material Table S3), is at odds with
the reported H*-PPase activity in D. discoideum
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Figure 13. Maximum likelihood (ML) phylogeny of the H*-PPase in eukaryotes. The ML trees were generated
from the full-length alignment (Supplementary Material Fig. S11) with 692 amino acid positions. The best tree
is shown. The three numbers at critical nodes show %bootstrap, %SH-aLRT score, and Bayesian posterior
probability in support of clades. The tree contains 14 bacterial sequences and five Asgard archaeal sequences
marked by black vertical bars as outgroup. Clade information for prokaryotic sequences derives from Luoto
et al. (2011). Colored vertical bars on the right depict the three proposed clades: Clade 1 in yellow, Clade 2 in
blue, and Clade 3 in red. Sequence names are colored by their taxonomic groups: green for Archaeplastida,
brown for SAR (Stramenopiles, Alveolata, Rhizaria), blue for “Excavata”, red for Amorphea, and magenta for
“Other”. Red dots following sequence names indicate experimentally verified sodium-specific PPase pumps
(Luoto et al. 2011). Asterisk: Asgard member of Clade 2. Details of the sequences analyzed in this phylogeny
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(Marchesini et al. 2002), a discrepancy that merits
investigation.

Discussion

The five hallmarks of an acidocalcisome, reviewed
in the Introduction, are not unique to these
organelles. 1) Its polyphosphate polymers are
found throughout the biological kingdom as well
as in ancient ocean deposits. 2) Its polyphosphate
granules are also found in bacteria and platelets.
3) Its signature H*-PPase pump is present in bac-
teria (although not cyanobacteria) and archaea,
has been retained by land-plant (but not fun-
gal) vacuoles, and is reported to localize as
well in non-acidocalcisomal protist membranes
(Martinez et al. 2002; Miranda et al. 2010; Rohloff
et al. 2004). 4) lts V-type ATPase, cation trans-
porters/exchangers, and aquaporins are found in
numerous other locations. 5) Its acidic internal pH
is shared with fungal and land-plant vacuoles and
animal endosomes/lysosomes/secretory compart-
ments. The distinctiveness of acidocalcisomes is
that these features are brought together in a single
organelle.

That acidocalcisomes serve as storage
organelles for (poly)phosphate and various
cations is well documented, and the finding that
their loss compromises the infectious cycle of
human parasites suggests that they may perform
additional functions that await identification. Askoy
et al. (2014), for example, document that in C.
reinhardtii, deletion of the VTC1 gene, one of four
subunits of the VTC complex that associates with
acidocalcisomes and catalyzes polyphosphate
polymerization, results in a complex phenotype
including, as expected, compromised polyphos-
phate content but also defective vacuole formation
and hyper-sensitivity to stress conditions. We have
identified at least one acidocalcisome morpholog-
ical variant, the “double decker,” in C. reinhardii
and T. brucei (Figs 1 and 3 and Supplementary
Material Fig. S8I), suggesting that there may prove
to be several acidocalcisome classes with diverse
functions.

Acidocalcisome Membranes

We report an apparently unique hallmark of the
acidocalcisome, namely, the distinctive ultrastruc-

tural properties of its surrounding membrane.
The fracture faces of all membranes types are
known to cavitate in a distinctive fashion with
etching, where variables presumably include trans-
membrane protein content/density, water content,
and lipid composition. That said, the cavitation
pattern of the acidocalcisome E-face is highly
unusual, shifting from smooth (non-etched) to
rugose (etched), setting it apart from all other mem-
branes evaluated in our laboratory. The P-face is
also distinctive, with a strikingly dense population
of small IMPs that often align in rows. Both faces,
particularly the E-face, are often delimited by a flat-
tened rim, possibly generated by the cytoplasmic
domains of its constituent pumps and transporters.

Particularly intriguing is the shift in etched-E-face
organization from rugose to densely packed arrays
of discrete ~14-nm globular domains, observed
once in situ (Fig. 8C and D) and once when
log-phase acidocalcisomes were released into
a mannitol solution from digitonin-ruptured cells
(Fig. 9). Since no other membranes in the prepara-
tion displayed this phenotype, it reflects a unique
property of the acidocalcisome membrane and
not some generalized response to the breakage
procedure. The images are consistent with the
hypothesis that intramembranous globular domains
in log-phase organelles usually become melded
together into the rugose configuration during the
etching process.

Numerous proteins span acidocalcisomal
membranes in the trypanosomatids (Docampo
and Huang 2016), including cation exchang-
ers/transporters, the polyphosphate polymerase
subunit of the VTC protein, and two proton pumps —
the distinctive H*-PPase and the widely-distributed
V-type ATPase. The H*-PPase is predicted to be
a homodimer with 16 transmembrane domains in
each subunit (Mcintosh and Vaidya 2002). The
V-type pump has a membrane-integral domain,
Vo (Casey et al. 2010), through which protons
pass, and a peripheral rotating V1 domain carrying
out the ATPase activity. The Vo domain has been
shown to form a 12-nm particle (Henderson
et al. 2011), comparable in size to the 14-nm
globular domains seen in the cell-free log-phase
acidocalcisome membranes; the size of the 32-
transmembrane-domain H*-PPase dimer has not
been reported but is also expected to be large.

are provided in Supplementary Material Table S2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



Acidocalcisome Membrane Universality

Polyphosphate-containing organelles have been
previously detected by light or electron microscopy
in the following eukaryotic microbes: 1) para-
sitic protists such as T brucei and Toxoplasma
gondii (reviewed in Docampo 2016; Docampo and
Huang 2016); 2) green algae (Dunaliella salina:
Pick and Weiss 1991; Tetraselmis subcordiformis:
Salisbury 1982; Desmodesmus: Shebanova et al.
2017; C. reinhardtii. Komine et al. 1996, 2000;
Ruiz et al. 2001a; Hong-Hermesdorf et al. 2014;
Askoy et al. 2014: C. eugametos/moewusii. Lewin
1952, Siderius et al. 1996; and lichen photobionts:
Guschina et al. 2003); 3) red algae (Nagasaka
et al. 2003; Yagisawa et al. 2009); 4) stramenopiles
(Karlson et al. 1996); and 5) the Amoebozoan slime
mold Dictyostelium discoideum (Marchesini et al.
2002). The current study covers and expands this
inventory to include additional green algae, sev-
eral secondary-symbiotic algae, and the “excavate”
amoeba-flagellate Naegleria gruberi (Supplemen-
tary Material Figs S$6-S9). Few examples of
cross-fractured granule-containing organelles were
encountered in this survey, which is also the case
for the deeply sampled C. reinhardtii, but the
smooth — rugose E-face and the concave IMP-
dense P-face, often with rims, are diagnostic across

phyla.

Acidocalcisome Biogenesis in the Golgi

Whereas most eukaryotic organelles are gener-
ated by expansion and division of pre-existing
organelles, the acidocalcisome is apparently
assembled de novo at the trans-face of the Golgi
in C. reinhardtii and T. brucei (Fig. 10), receiv-
ing input from Golgi-derived vesicles, as are
lysosome-related organelles (Raposo et al. 2007).
Acidocalcisome biogenesis in parasites requires
the clathrin-adaptor AP3 protein, involved in tar-
geting membrane and cargo to Golgi-derived
compartments (Besteiro et al. 2008; Huang et al.
2011; Liand He 2014), further underscoring a Golgi
origin, albeit a gene encoding AP3 has yet to be
annotated in C. reinhardlii.

Acidocalcisomes and Vacuoles in C. rein-
hardtii

Log-phase C. reinhardtii cells produce acido-
calcisomes, recognized by their rugose E-face
morphology, that only rarely contain polyphosphate
granules. Log-phase cells also produce small,
granule-free cytoplasmic vacuoles with non-rugose
E-faces (Fig. 11B; Supplementary Material Fig.
S5E and F) which accumulate fibers when the cells
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are grown in Tris-buffered media (Fig. 11C; Supple-
mentary Material Fig. S5A and B).

Under stress conditions, granules are found in
both acidocalcisomes and vacuoles. The stress-
associated vacuoles commonly contain membrane
debris as well, leading us to designate them as
autophagy-related vacuoles, and they often contain
two or more granules (Fig. 12 and Supplemen-
tary Material Fig. S5E and F); by contrast, stressed
acidocalcisomes contain only one granule and no
debris. That the autophagy-related vacuoles derive
from log-phase vacuoles is indicated by the pres-
ence of Tris-induced fibers in both (Fig. 12D and
Supplementary Material Fig. S5A and B).

Many of the published images of large granule-
containing compartments in stressed C. reinhardftii
cells likely illustrate autophagy-related vacuoles
and not acidocalcisomes. Hong-Hermesdorf et al.
(2014) document that such vacuoles in Zn-limited
cells have an acidic internal pH, and that granules
are often released from such cells into the confines
of the cell wall by exocytosis (images absent from
our collection since we usually studied wall-less
cells that would not retain released granules).

Left unexplained is how the granules move from
an acidocalcisomal to a vacuolar compartment. An
attractive hypothesis is that acidocalcisomes fuse
with existing cytoplasmic vacuoles under stress
conditions, releasing their granules and soluble
enzymes into the vacuolar lumen and delivering
acidifying pumps and channels to the vacuolar
membrane. Support for this hypothesis comes from
T. brucei and T. cruzi: 1) acidocalcisomes are
reported to fuse with contractile-vacuole mem-
branes (Rohloff et al. 2004); 2) the induction
of autophagy and autophagosome formation by
N-starvation is accompanied by an increased aci-
docalcisomal acidification (Li and He 2014); and 3)
treatments that inhibit acidocalcisome biogenesis
or that cause acidocalcisome alkalinization result in
autophagy inhibition (Li and He 2014). Tests of this
hypothesis using tagged organelles will hopefully
be conducted in the future.

The Physical States of Polyphosphate in Aci-
docalcisomal and Vacuolar Compartments

Polyphosphates exist in four interconvertible
physical states (Ando et al. 2010; Moreno et al.
2002; Nikoli¢ et al. 2016; Omelon and Grynpas
2008): 1) water-soluble; 2) suspended as a sol;
3) condensed as a gel; or 4) glass-like (e.g. the
polyphosphate particulates used in commercial
water filtration systems to remove metals.) Vari-
ables that influence these configurations include
temperature, polymer chain length and concen-
tration, pH, and levels of chelated cations, which
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promote both polymerization and condensation
(water loss) (Klompmaker et al. 2017). The con-
centration and chain-lengths of polyphosphates
contained within membrane compartments, like
acidocalcisomes and vacuoles, are also influenced
by cation transporters and by polyphosphate phos-
phatase and kinase/polymerase activities. Cellular
transitions between these various physical states
are therefore expected to be under complex regu-
lation.

In TEM images of thin-sectioned cells, short-
chain-length polyphosphates in solution or longer
polymers in suspension are not expected to block
the electron beam; hence the electron-dense mate-
rial within membrane enclosures in these images
(e.g. Fig. 1) presumably represents long-chain
polyphosphate in a gel or solid configuration. This
material can take the form of discrete, sharp-edged
granules, presumably solid, that separate from the
membrane (Guschina et al. 2003; Komine et al.
2000; Medeiros et al. 2011; Miranda et al. 2008;
Scott et al. 1997; Yagisawa et al. 2009; Fig. 1),
or it can appear gel-like, either filling the enclo-
sure or forming irregular islands that often adhere
to the membrane at the vesicle perimeter (De
Jesus et al. 2010; Docampo and Huang 2015,
2016; Karlson et al. 1996; Penen et al. 2017; Pick
and Weiss 1991; Salisbury 1982; Shebanova et al.
2017; Siderius et al. 1996; Vannier-Santos et al.
1999; Yagisawa et al. 2007). While such variation
may in some cases be due to specimen prepara-
tion techniques (Docampo et al. 2005), we suggest
that it also reflects bona fide differences in phys-
ical states. For example, Supplementary Material
Figure S13 shows a survey of N-starved cells with
both granular and irregular (arrows) electron-dense
inclusions, and figure 5a of Hong-Hermesdorf et al.
(2014) shows a Zn-depleted cell whose electron-
dense material adopts two configurations: granules
that are undergoing exocytosis into the neutral-pH
periplasm, and irregular islands that fill the acidic-
pH vacuoles.

During the QFDEEM procedure, polyphosphate
sols would be etched and collapse, meaning that
only solid granules or dense gels would be identifi-
able in replicas. Granules are present in replicas of
stressed but not in unstressed acidocalcisomes in
C. reinhardtii, and they disappear when stressed
cells are transferred to growth conditions. More-
over, the acidocalcisomes in cells imaged shortly
after transfer (Supplementary Material Fig. S4) con-
tain granules with irregular edges, or homogenous
material that fills the lumen, or coarse aggregates,
suggestive of changes in physical state.

We also report RNA-seq analyses of C. rein-
hardtii cells subjected to two stress conditions. In
contrast to autophagy-related genes whose expres-
sion is amplified by stress, transcript levels of the
AVP1 (H*-PPase) gene decrease 2-4 fold under
both conditions (Supplementary Material Table S1).
This pattern is consistent with a scenario wherein,
under stress conditions, the acidocalcisome inte-
rior becomes less acidic and hence more prone
to forming long-chain polyphosphate and chelating
cations.

Collectively, these observations are consonant
with the following proposal for C. reinhardtii. 1)
Unstressed (log-phase) cells maintain an acidic
lumen in their acidocalcisomes that favors soluble
short-chain polyphosphates, in turn favoring PPi lib-
eration by resident or local polyphosphatases. The
PPi powers the H*-PPase pump, helping to main-
tain the low pH and allowing the acid-dependent
exchangers/transporters in the organelle mem-
brane to import Ca** and metals in exchangeable
forms available for growth. A caveat here is that
the PPi-hydrolyzing domain of the pump faces the
cytoplasm and no transporter has yet been identi-
fied that carries PPi from the acidocalcisome lumen
to the cytoplasm. 2) In stressed cells, pump levels
decrease and PPi polymerization is favored, deplet-
ing the pump of substrate and hence increasing
the internal pH which stimulates further polymeriza-
tion and further alkalinization, the end result being
the condensation of polyphosphates into electron-
dense gels and granules. These serve to sequester
calcium and metals, including toxic metals, and
the cations, in turn, further promote polymeriza-
tion (Klompmaker et al. 2017), the process being
reversible with stress alleviation. Such a system
might be unique to C. reinhardtii or might also
pertain to other organisms, where the reported
alkali-stimulation of recombinant PPase activity in
T cruzi (Galizzi et al. 2013) is inconsistent with this
model.

Distribution of H*-PPase-encoding Genes
in Eukaryotes

Identification of the eukaryotic H*-PPase-encoding
protein, a hallmark of acidocalcisomes, is facilitated
by the strong full-length conservation of its amino-
acid sequence (Supplementary Material Fig. S11).
Its inclusion in 40 widely dispersed eukaryotic
genomes/transcriptomes (Supplementary Material
Table S2 and Fig. 13) documents its ubiquity, and its
loss in opisthokonts and Amoebozoans is notable.
Interestingly, the gene is present in four lineages
(Apusomonada, Breviatea, Malawimonadidae, and



Ancyromonadida) that are posited by some investi-
gators to branch adjacent to opisthokonts (Brown
et al. 2018), possibly pinpointing this loss to an
important juncture in evolutionary history.

We confirm and expand the finding (Mcintosh
and Vaidya 2002) that the conserved eukaryotic
sequence partitions into two subclasses, and we
report a third subclass in eukaryotic genomes not
covered in their study. We designate these as
Clades 1-3 (Fig. 13). Strikingly, there is no obvious
correlation between taxonomy and clade distribu-
tion (Fig. 13 and Supplementary Material Table S2):
each clade populates numerous radiations. This
suggests that the founders of all three clades were
present in the LECA and persisted during the early
diversification of eukaryotic lineages, followed by
selective loss/retention. The loss/retention process
has apparently continued throughout the span of
eukaryotic evolution since it can even be observed
in some sister lineages: for example, the closely
related apicomplexans Plasmodium falciparum and
Toxoplasma gondii encode near-identical Clade-1
genes, but Plasmodiumalso carries a Clade-2 gene
that is absent from Toxoplasma. In such cases,
clade endowment may prove to be a useful small-
scale lineage marker.

Since C. reinhardtii and T. brucei each encodes
only a single Clade-1 gene and since their iso-
lated acidocalcisomes possess H*-PPase activity,
it can be assumed that the Clade-1 protein is
acidocalcisome-associated in these organisms.
Otherwise, it is not known whether Clade-2
and Clade-3 pumps also associate with acido-
calcisomes and/or acidocalcisomal variants, nor
whether they (and Clade 1) also localize to addi-
tional membrane types. Also untested is whether
some of the eukaryotic proteins designated herein
as H*-PPases are in fact Na*-PPases, as is the
case for a subset of bacterial members of the
family (Luoto et al. 2011). Three studies report
pump activity in eukaryotic non-acidocalcisomal
locations (Martinez et al. 2002; Miranda et al.
2010; Rohloff et al. 2004), consonant with the
possibility that different pump subtypes, perhaps
in combination, service distinctive membrane sys-
tems.

Methods

Strains: C. reinhardtii strains CC-620 (wild-type), CC-4349
(cw15) and CC-4348 (sta6) were grown mixotrophically
(acetate-supplemented) in phosphate-buffered (Sueoka 1960)
or Tris-buffered (Gorman and Levine 1965) media and were
visualized in log-phase or stationary-phase or following nitrogen
(N)-starvation. Growth conditions are described in Goodson
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etal. (2011). Cyanidioschyzon merolae was grown in the Good-
enough lab as described (Kobayashi et al. 2010). All other
organisms were grown in the laboratories of collaborators, listed
in Acknowledgements, and directly provisioned or overnight-
shipped to St. Louis for freezing.

Quick-freeze deep-etch electron microscopy: Pelleted
live microorganisms were placed on a cushioning material
and dropped onto a liquid-He-cooled copper block; the frozen
material was transferred to liquid nitrogen and fractured under
vacuum, etched at —80 °C for 2 min (or 1 min for “lightly etched”)
and Pt/C rotary-replicated under vacuum as described (Heuser
2011). Replicas were examined with a JEOL electron micro-
scope, model JEM 1400, equipped with an AMTV601 digital
camera. The images are photographic negatives; hence pro-
tuberant elements of the fractured/etched surface are most
heavily coated with platinum and appear white.

Quick-freeze freeze-substituted electron microscopy: Sam-
ples were prepared as described in Heuser (2011).

Digitonin/mannitol cell breakage: Following an earlier pro-
tocol developed to isolate intact chloroplasts (Klein et al. 1983),
either log-phase or stationary-phase sta6 cells were harvested,
resuspended in 40 ml of digitonin solution (5 mM potassium-
phosphate buffer pH 6.5, 6% PEG 6000, 0.004% digitonin,
1 mM PMSF), transferred to a cold metal beaker and heated to
27°C in a 48°C water bath with constant swirling. Once 27 °C
was reached, the suspension was transferred to a 30 °C shak-
ing water bath, shaken for 10 min, centrifuged at 1,000g for
5 min, resuspended in 10 ml of mannitol buffer (20 MM HEPES-
NaOH pH 7.7, 0.15M mannitol, 1 mM MgCl,, 2mM EDTA, 1
protease inhibitor tablet (Roche Complete Ultra Mini)) and then
centrifuged at 10,000 g for 30 min prior to freezing the pellet.

RNA-Seq analysis: Protocols and data for the N-starvation
experiments are published in Goodenough et al. (2014). Simi-
lar protocols were used for stationary-phase experiments with
either sta6 grown mixotrophically or the CC-1690 (21gr) wild-
type strain grown phototrophically with a 0.5% CO, supplement.
A full report of these experiments is in preparation.

Phylogenetic reconstruction of H™-PPase: Eukaryotic
homologs were searched by BLASTP using the Chlamy-
domonas AVP1 gene as the query sequence; eight outgroup
prokaryotic sequences were recovered from the Genbank
nr database or from Asgard archaea sequences (Zaremba-
Niedzwiedzka et al. 2017). The E-values of the collected
eukaryotic homologs were < 10-3° (Supplementary Material
Table S2).

Genomes lacking a sequence with an E-value <102 were
scored as containing no homolog (Supplementary Mate-
rial Table S3). To verify their absence in opisthokonts and
Amoeobozoa, we queried the Apusomonadida sequences and
failed to collect any homologues. After excluding eight par-
tial or highly divergent sequences, the remaining sequences
were aligned using the MAFFT algorithm. The final align-
ment used for phylogenetic analysis was made by excluding
gaps present in >50% of sequences, containing 692 sites with
90 entries (Supplementary Material Fig. S11). A phylogenetic
reconstruction was performed using maximum-likelihood meth-
ods (IQ-TREE; Minh et al. 2013). The LG + F + R7 model was
chosen according to Bayesian Information Criteria (Luo et al.
2010). Branch support scores were collected by ‘Ultrafast’ boot-
strapping with the ’-bb 2000 —bi 500’ options (Minh et al. 2013),
Shimodaira-Hasegawa-like (SH) aLRT test values with ’-alrt
1000’ option, and Bayesian approximate likelihood-ratio tests
with *-abayes’ option, performed by IQ-TREE (Anisimova et al.
2011).
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